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EPIDEMIOLOGICAL EVIDENCE FOR
HELMINTH AND CHOLERA
TRANSMISSION BY VEGETABLES
IRRIGATED WITH WASTE WATER:
JERUSALEM — A CASE STUDY

Hillcl I. Shuval, Perez Yekutiel and Badri Fattal

Environmental Health Laboratory, Hebrew University-Hadassah
Medical School, P.O. Box 1172, Jerusalem, Israel

ABSTRACT

This paper reviews and reanalyzes epidemiological data on the transmission of the
helminthic diseases ascariasis and t r i chur ias is as well as cholera by vegetables
and salad croos i r r i qa ted with untreated wastewater in Jerusalem between 1935 and
1982, based on a series of published oaoers and unpublished reoorts not generally
available to professionals in the f i e l d of water po l lu t ion contro l . The findings
provide strona evidence that both Ascaris and Trichuria infect ions were act ively
and massively transmitted to the general public who consumed venetables i r r i ga ted
with raw wastewater. The levels of in fect ion dropped dramatically when the sup-
ply of contaminated veaetables was cut o f f but increased aciain raDidly on re in t ro -
duction of the wastewater- imoated crops. The in fect ion level subsided again
when the practice was f i n a l l y stopped in 1970. The epidemiolonical evidence from
the 1970 cholera outbreak in Jerusalem indicates that wastewater-irrioated veae-
tables were the primary route of secondary in fect ion once a few subcl inical or
c l i n i ca l cases of cholera entered the c i t y from areas outside the country where
a cholera epidemic was underway. The evidence also indicates that farmers in an
area where cholera is not endemic are par t icu la r ly at r isk when pract ic ing i r r i -
gation with raw wastewater from a c i t y undernoing a cholera outbreak. The need
to t reat wastewater to remove these pathogens pr ior to the i r r i g a t i o n of such
vegetable crops is stressed.

KEYWORDS

Wastewater reuse; i r r i g a t i o n ; cho le ra ; he lmin ths ; Asca r i s ; T r i c h u r i s ; Dubl ic
h e a l t h ; epidemiolocy; environmental h e a l t h ; a g r i c u l t u r e .

INTRODUCTION

Numerous s c i e n t i f i c papers and reviews have reported on the presence, concentra-
t i o n , and su rv i va l times of pathogenic microoraanisms i n n i n h t - s o i l j wastewater
and sludge as we l l as i n s o i l and on crops i r r i g a t e d or f e r t i l i z e d w i th waste-
water e f f l u e n t , sludcie or n i o h t - s o i l ( Feachem et a l , 1983; Shuval , 1977). From
these studies i t has been c l e a r l y demonstrated tha t the broad spectrum of patho-
genic microorganisms, endemic i n the community, i n c l u d i n g he lmin ths , Drotozoans,
bac te r ia and v i ruses appear i n community wastewater and sludge i n high
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concentrations and survive for days, weeks and at times for months in so i l and on
crops which come in d i rect contact with raw or even p a r t i a l l y treated wastewater.
However, while the detection of pathogens in so i l or on food crops d i rec t l y con-
taminated by wastewater is a necessary condition in providing proof of disease
transmission by such a route, i t in i t s e l f is not a su f f i c ien t condition of proof
that human in fect ion and disease, indeed resul t from such pract ices.

Despite the extensive worldwide practice of n ight -so i l and sludge f e r t i l i z a t i o n
and wastewater i r r i g a t i o n going back centuries and the established opinions of
the public health professionals as to the health dangers of such pract ices, there
are few de f in i t i ve epidemiological studies that meet modern s c i e n t i f i c c r i t e r i a
of such proof. In addi t ion, the few ex is t ing relevant studies are often pub-
lished in obscure journals, some of a l imi ted d i s t r i bu t ion or not i n English,
that rarely come to the at tent ion of professionals d i rec t l y involved in the en-
vironmental health aspects of water po l lu t ion cont ro l .

This paper w i l l review and reanalyze the findings of a number of published papers
and unpublished reports and w i l l include certain previously unpublished environ-
mental data aimed at providing epidemiological evidence on the question of t rans-
mission of helminths and cholera to the general public consuming vegetables i r r i -
gated with wastewater in Jerusalem during the period 1935 to 1982.

WASTEWATER IRRIGATION IN JERUSALEM

While a well defined drainage system existed in Jerusalem even in the Bib l ica l
period well over 2000 years ago a form of combined sewerage system was construc-
ted in the Old City of Jerusalem in the days of the Ottoman Empire and th is was
expanded and modernized in the 1920s by the Br i t i sh Mandatory Government of
Palestine.

The main drainage route followed the natural drainage in use since B ib l ica l times
with the raw wastewater s p i l l i n g in to the dry r i ver bed of the Kidron Valley to
the ar id southeast of the c i t y in the d i rect ion of the Dead Sea (see Fig. 1) .

As early as 1923, K l ig le r reported on the use of the wastewater for growing vege-
tables in the almost completely ar id Kidron (Silwan) Valley and suggested that
the high incidence of ascariasis in Jerusalem was associated with the consumption
of fecally-contaminated salad crops and other vegetables marketed by enter-
pr is ing v i l lagers who had l i t t l e or no other sources of water for agr icu l ture .
No f i rm epidemiological evidence was available at that time to support th is hy-
pothesis.

TRANSMISSION OF HELMINTHS

The First Natural Experiment - Cessation of the Supply of Mastewater-Irrigated
Vegetables

A situation developed as a result of the United Nations decision to partit ion
Palestine and the founding of the State of Israel in 1948 which led to a part i -
tioning of the city of Jerusalem. The western section of Jerusalem remained in
Israel while the Old City and the areas to the east including the Kidron and
Refaim Valleys fe l l under the administration of the Hashemite Kingdom of Jordan.

There were no commercial contacts between the two portions of the city and the
supply of wastewater-irrigated vegetables was suddenly and completely cut off
from western Jerusalem. The Israel Ministry of Health promulgated regulations
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Fig. 1. Jerusalem municipal wastewater drainage
areas and wastewater-irriqated plots

prohibiting the use of wastewater for the irr igation of salad crops or other
vegetables eaten raw and this prohibition was s t r ic t ly enforced.

Thus, the conditions of a natural experiment were created where the impact of
total ly cutting off the supply of wastewater-i rrigated vegetables might be
measured.

In 1962, Ben-Ari published the results of 126,000 microscopic examinations of
stools carried out by the Department of Clinical Microbiology of Hadassah, Hebrew
University Hospital between the years 1934 and 1960. Two-thirds of these speci-
mens came from patients who were hospitalized because of various ailments and
one-third came from outpatients complaining of diarrhea or gastrointestinal dis-
turbances. In the majority of cases only one fecal specimen per patient was ex-
amined. While at the Hadassah Hospital, patients of al l religions and nationali-
ties are cared for, the overwhelming majority of the patients are Jewish. Prior
to 1948 the percentage of non-Jewish patients was 5%.

For the period of 1935 to 1947, of the 50,000 fecal specimens examined, 35% were
positive for Ascaris lumbricoides and 13% were positive for Trichuris trichiura
(see Fig. 2). These rates were considerably higher than that found in"Jewish
population groups residinq in other cit ies of the country. In 1948 during the
period of the Israel War of Independence, routine medical services were inter-
rupted but were resumed by 1949.

During the period of 1949 to 1960, 75,000 stool specimens were examined by the
same laboratory. A dramatic drop in the findings of Ascaris and Trichuris was
noted with a mean for the period of only 1% positive for Ascaris and 4.7°/ posi-
tive for Trichuris.
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Fig. 2. Relationship between Ascaris-positive stool samples
and supply of wastewater-irrigated vegetables in
Jerusalem, 1935-1982. (After' Ben-Ari, 1962;
Jjumba-Mukabu and Sunders, 1971)

The authors explained these findings by the historical events associated with the
partitioning of the city and the total cessation of the supply of wastewater-
irrigated vegetables which previously had served as one of the main sources of
fresh salad crops. However, other developments in western Jerusalem must be con-
sidered in explaining the almost total disappearance of these two helminthic
diseases. The general socio-economic level of the city improved considerably
between 1949 and 1960. This included a reduction in housing density, increased
quantity of safe domestic water supply, increased domestic hot water supplies for
cleansing and bathing and improved food hygiene in public eating establishments.
There was also an improvement in the general level of nutrit ion and an increase
in per capita income and level of education. I t is important to note here that
while slower but similar socio-economic improvements also occurred in the eastern
sections of Jerusalem, the published reports indicated that there was no signi-
ficant reduction in the levels of A_scaris and Trichuris infections among the
residents of that section of the city wfiTch s t i l l continued to be supplied by the
wastewater-irri gated vegetables from the nearby villages located in their areas
(Alicata and Dajani, 1955).

The Second Natural Experiment - The Reintroduction of Supplies of Wastewater-
i r r i gated Vegetables

The pol i t ical changes resulting from the War in 1967 led to the reunifica-
tion of the city of Jerusalem. Commerce between the two formerly separate sec-
tions of the city was fu l ly resumed including the supply of wastewater-irrigated
vegetables. As a result of the major growth in population of Jerusalem, the
increased water supply, and the almost total sewering of the western portions of
the c i ty , the flow of wastewater had meanwhile greatly increased and new outfall
sewers extended the areas of wastewater-irri gated crops to the Battir village in
the Refaim Valley. This village had also previously been under the Jordan-
administered areas near the ci ty. Since the new status of these areas was that
of administered terr i tories under the Geneva Convention they did not formally
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come under the jurisdiction of Israel law and the regulations forbidding waste-
water irr igation of vegetables were not in force.

A second study by Jjumba-Madas and Gunders in 1971 provided valuable insight on
the effects of this second natural experiment which resulted in the reintroduction
of wastewater-irrigated vegetable supplies into the western portion of the city
where As can's infections were almost unknown and Trichuris infections were at a
very low level. Based on routine laboratory stool examinations at the Central
Laboratory of the Kupat Holim Sick Fund, they found a dramatic step rise in
Ascaris infections from essentially none in May 1967 prior to the unification of
the city to a level above 10% positive a year later (see Fig. 2). They also re-
ported a rise in Trichuris infections. Among residents of eastern Jerusalem who
had been continuously exposed to the wastewater-irri gated crops, 60% of stools
examined were positive for Ascaris. The investigators also examined samples of
parsley and other salad crops grown in the wastewater-irrigated areas and found
them heavily contaminated with the helminths.1

This rapid increase in Ascaris infections between 1967 and 1969 among the resi-
dents in the western sections was explained by the authors as beinq part ial ly
associated with the reintroduction of the supply of wastewater-irri gated vege-
tables into the previously unexposed population l iving in the western portion of
the ci ty. However, another possible explanation of the findings must be con-
sidered. With the unification of the city many residents of western Jerusalem
began eating in the numerous small restaurants and food stalls in the Old City of
Jerusalem where levels of food hygiene were generally lower than those in the
western part of the ci ty. While only a portion of the population frequented such
establishments this factor cannot entirely be ruled out. However, a third natur-
al experiment which occurred in 1970 clar i f ied this issue as well .

The Third Natural Experiment - The Final Ending of Wastewater Irr igation of Vege-
tables in Jerusalem '

As a result of the cholera outbreak in Jerusalem in 1970, which wi l l be discussed
later, the authorities put a final end to wastewater i rr igat ion of vegetables
practiced in the villages around Jerusalem since the beginning of the century.
The harvested crops were confiscated and those s t i l l growing were destroyed.
Within a few years the rate of Ascaris-positive stools dropped to i ts previous
level of M or lower2 (see Fig. 2). Despite the fact that the population s t i l l
continued to frequent the restaurants and food stal ls of the Old City, these hel-
minth infections have practically disappeared. Thus this third natural experi-
ment provided conclusive evidence of the major role played by wastewater-
irrigated vegetables in the transmission of Ascaris and Trichuris infections in
the population consuming these contaminated crops.

THE 1970 CHOLERA OUTBREAK

In the summer of 1970 numerous cases of cholera were reported in Middle Eastern
countries contiguous to I s rae l . Some 100,000 v i s i t o r s from those countries en-
tered Israel and Israel-held t e r r i t o r i e s that summer. The f i r s t cases of
cholera were detected in Jerusalem on Auqust 20, 1970 and as the Jerusalem out-
break spread, several features became clear. The invest igat ion of th is outbreak
has been described in detai l by Cohen et al (1971), and Fattal et al (1984).

1 Personal communication, Professor A. Gunders, Hebrew Universi ty-
Hadassah Medical School, Jerusalem, I s rae l .

2 Personal communication, Department of Cl in ical Microbiology, Hebrew Universi ty-
Hadassah Medical School, Jerusalem, I s rae l .
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The cases appeared simultaneously in a l l sections of eastern and western Jerusa-
lem reachinq a peak of 59 cases in the week of September 13-20, one month after
the start of the epidemic. Cases of cholera in villages adjacent to Jerusalem
also appeared. The total number of cl inical cases reported in the city of Jeru-
salem reached 176 (see Fig. 3). All acute cases were investigated in detail and
l i t t l e evidence of secondary contact infections were found in family groups or
among co-workers. There was also no spread to other cit ies in Israel although the
city of Jerusalem was open to normal commerce and tourism. Thus i t appeared that
a common-source epidemic was occurring.

WEEKLY DISTRIBUTION OF
CHOLERA CASES IN JERUSALEM,

AUGUST-OCTOBER, 1970

70

Fig. 3.

9 16 23 30 6 13 20 27 t, 11

AUGUST SEPTEMBER OCTOBER

(Based on Gerichter, at al, 1971)

Weekly distribution of cholera cases in
Jerusalem August-October 1970. Supply of
wastewater-irriaated vegetables stopped
September 15-20, 1970

The water supply came from deep sanitary wells outside the city and was chlori-
nated prior to supply. Routine bacteriological examinations of the water in -
ciated that the water met the s t r i c t Ministry of Health water quality standards
and was thus not considered a possible route of infection. All milk and dairy
products were pasteurized and under s t r ic t laboratory quality control and were
thus also ruled out as a possible common source. Insect vectors were also ruled
out since the level of general sanitation in the city was high with l i t t l e or no
sources of exposed excreta within the city and a low housefly population.

In the early stages of the outbreak we suggested that a possible route of trans-
mission might be associated with the wastewater-irriqated vegetables grown in the
Kidron and Relfaim Valleys (see Fig. 1) marketed by peddlers and in shops in both
the eastern and western portions of the city since the reunification in 1967.

Environmental Monitoring for Cholera Vibrios

At the request of the Ministry of Health we ini t iated an intensive program of_
sampling and testing for Vibrio cholerae in the wastewater from the ci ty 's main
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outfal l sewers and from soi l and vegetable samples from the wastewater-irrigated
plots. This testing program was later extended and intensi f ied by the Ministry
of Health, Cholera Reference Laboratory, Government Central Laboratories.

A total of 143 wastewater samples were taken by the gauze pad method and by grab
samples and tested for cholera vibr ios. Of these, 72 were taken by our group
during the outbreak between September 6 through October 3, 1970 and an additional
71 samples were taken by the Ministry of Health after the outbreak dnded. A
total of 168 samples were examined for cholera phases, during the eDidemic and
for a two-month period after the epidemic (Gerichter et a l , 1971). Positives for
V. cholerae_ were detected at a l l wastewater out fa l l sewers leading from the c i ty
during the outbreak while no positives were detected after the outbreak ended.
During the epidemic 18% of the wastewater samples taken were found positive for
E. cholerae (El Tor, serotype Inaba, phage type-6)3the same serotype isolated
from the vast majority of the c l in ica l cases.

Cholera phages were detected in 67% of the wastewater samples taken during the
epidemic and some positives were detected up to three weeks after the last re-
ported c l in ica l case. Cholera vibr io were also isolated from one sample of
wastewater-irri gated soi l and from one snecimen of vegetables grown in a
wastewater-irrigated p lo t . Six samples of vegetables were found positive for
cholera phages including four from wastewater-i r r i gated plots, one from a sample
of parsley taken in the market and one from a tomato stored in the refr igerator
in the home of one of the confirmed cases of acute cholera. Al l samples of milk
and other food products were negative, subsequent laboratory studies showed that
V. cholerae (El Tor) could survive suf f ic ient ly long in sewage and soil and on
Vegetables "to make vegetable-borne cholera possible (Gerichter et a l , 1971).

Stopping the Supply of Wastewater-irria a ted Vegetables

The early positive findings of V_. cholerae in samples of wastewater used for
i r r iga t ion of vegetables in the Raphaim~a~nd Kidron Valley areas led to the deci-
sion of the Ministry of Health and the health authorit ies responsible for the
villages to order an immediate cessation of marketing and growinq of a l l
wastewater-i r r i gated crops. Harvested crops were confiscated and those s t i l l
growing were mainly destroyed on or about the period of the 15-20 September 1970.

I t is noted (see Fig. 3) that following that drastic action the epidemic rapidly
subsided and the last c l in ica l case was detected some 12 days la ter . Obviously
not a l l wastewater-irrigated vegetables had been immediately confiscated or de-
troyed and some s t i l l found their way to the market for a short period after the
o f f i c i a l action started.

Serioioqical Survey

Another important findina resulted -From a serological study among a sample con-
t ro l population in Jerusalem not known to have direct contact with c l in ica l cases
and among the population of Batt i r vi l laoe where the growinq of croos by waste-
water i r r igat ion was the main agricultural occupation. About 8% of" the sample
of the Jerusalem population were positive for cholera antibodies M i l e 57% of
the sample of Batt i r residents were posit ive. These vi l lagers also had the
highest incidence of c l in ica l cholera cases in the area (Gerichter et a l , 1973).

Final confirmation and ident i f icat ion of isolated strains were made by the
Cholera Reference Laboratory. Government Central Laboratory Ministry"of
Health. ' J
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Hastewater-Irrigated Vegetables as the Vector

In the original publication describing the outbreak of cholera, it was concluded
that "It seems likely that after the Jerusalem sewage had become contaminated
with vibrios from the early mild cases and carriers(that entered the city from
neighboring countries) vegetables irrigated with sewage in the surrounding
villages constituted a major secondary vehfcle for the snread of the infection"
(Cohen et al, 1971). That paper however did not present the findings of the en-
vironmental morn tori no or other details on the asspciation with wastewater irri-
nation and the subsidence of the epidemic. Feachem (1982) in his review on
cholera epidemiology referred to the Jerusalem outbreak stating "No solid evi-
dence is presented to suDport this hypothesis (transmission by sewage-irrigated
vegetables) but it is plausible. It is unfortunate that studies were not carried
out during the outbreak to prove or disprove the vegetable hypothesis."

We feel that now, with the presentation of the full background of this outbreak
including the results of the extensive positive findings of V. cholerae and
phages in wastewater, in the soil and on the vegetables. and~the subsidence of
the epidemic on the cessation of marketing the contaminated crops, that it can
be concluded that there is indeed strong eoidemiological evidence, althouah nart
of it circumstantial - that the main pathway for the secondary spread of the
Jerusalem cholera outbreak of 1970 was through the vehicle of wastewater-irri^ated
vegetables. Obviously the first cases of cholera that initiated the enidemic
cycle resulted from imported clinical or subclinical cases which entered the city
from neighborina countries where cholera epidemics were alreadv in progress.

There is also strong evidence that the very high rate of clinical and subclinical
cases of cholera among the residents of the village of Battir is associated with
the fact that their primary agricultural occupation is growing veaetables by
irrigation with Jerusalem wastewater. Since clinical cases from that village
were not the first reported in the epidemic it is not unreasonable to assume that
they did not initiate the enidemic cycle but became infected only after the
Jerusalem wastewater had already become heavily contaminated with high concen-
trations of V̂  cholerae excreted by the numerous clinical and subclinical cases
in all sections of the city. Thus an additional conclusion is the high risk of
cholera infection among previously non-exoosed and non-immune workers practicing
wastewater irrigation with effluent from a city undergoing a cholera outbreak.

CONCLUSION: CONFIRMATION OF THE MEED TO TREAT WASTFWATER USF.D FOR
IRRIGATION

Since the beginning of this century many public health authorities have held that
wastewater irrigation of salad croos and other veoetables consumed uncooked is a
practice which can possibly cause transmission of enteric disease to the con-
suming public. This intuitive position has been based on limited eoidemiological
evidence meeting modern scientific criteria. The evidence presented in this
paper based on a review and reanalysis of published and unpublished data about
the situation in Jerusalem from 1935 to 1932 nrovides additional firm epidemio-
logical suonort as to the major role nlayed by vegetables irrigated by raw waste-
water as a major vehicle in the transmission of the helminthic diseases ascaricl-
sis and trichuriasis as well as cholera.

The need for effective pretreatment of wastewater to effectively remove these
pathogens prior to irrigation of such vegetable croos is now well acceDted. The
possibility of restricting the types of agricultural produce irrigated with
wastewater to non-edible crops can be a partial solution in some highly organized
and regulated situations. However, there are often serious difficulties in
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controlling the types of crops grown by farmers, particularly when the demand and
prices for salad crops in the nearby cities is high.

While it is beyond the scope of this Daoer to discuss in detail wastewater treat-
ment technology, it should be pointed out that wastewater stabilization oonds
with some 20 days of detention period with at least four pond cells have been
shown to be particularly effective in totally removing helminths and reducina
many forms of bacterial and viral enteric oathogens including cholera vibrios.
This is of particular importance to the lesser developed countries where waste-
water irrigation in agriculture is widely oracticed and effective but simnle low
cost treatment systems are recuired.
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ABSTRACT

This report describes studies of artificial wetlands at Santee, California which
demonstrate the capacity of these systems for integrated secondary treatment (BOD
and suspended solids removal) and advanced treatment (nitrogen removal) of
municipal wastewater effluents. When receiving a blend of primary (1°) and
secondary (2°) wastewaters at a blend ratio of 1:2 (6 cm per day 1° : 12 cm per
day 2°), mean removal efficiencies for a complete year of operation from July,
1982 through July, 1983 were 80% for total nitrogen (TN) and 80% for total
inorganic nitrogen, with the mean inflow TN level of 21.5 mgl~* reduced to a mean
value of 4.3 mgl"1 in the wetland effluent. The BOD and suspended solids removal
efficiencies were 93% and 88% respectively. The mean wetland effluent values for
both BOD and suspended solids were below the 10/10 mgl standard for advanced
secondary treatment. VThen primary effluent was the sole source of inflow to the
artificial wetlands, BOD and suspended solids levels approaching the quality of a
secondary treated effluent (30/30 mgl"1) could be attained at an application rate
of 6-8.3 cm per day. In this case, mean BOD and suspended solids removal
efficiencies for the complete year from July, 1982 through August, 1983, were 78%
and 80% respectively, with the effluent levels reduced to mean values of 33 mgl~*
for BOD and 10 mgl"-1 for suspended solids. At the application rate of 6 cm per
day, our study shows that only 16 acres (6.5 ha) of constructed wetlands would be
required to treat 3785 m of primary wastewaters to secondary treatment levels.
Data on capital and O&H cost show that artificial wetlands are competitive with
other treatment technologies available to small to medium sized communities.

KEYWORDS

Wastewater treatment, nitrogen removal, artificial wetlands, wetland treatment,
denitrification, sewage treatment.

INTRODUCTION

Interest in the use of wetlands for low-cost and energy-efficient treatment of
municipal and agricultural wastewaters has increased in recent years. Although
significant improvement in the quality of wastewater is generally observed as a
result of flow through wetland ecosystems, reports in the literature have shown
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that pollutant removal efficiencies in natural wetlands are site specific and may
vary as a function of wetland hydrology, soil type and nature of plant cover.

Artificial wetlands have been constructed for the planned treatment of both raw
and primary wastewaters (Small, 1976; Seidel, 1976), and for the advanced
treatment of secondary wastewaters (Spangler, Sloey and Fetter, 1976); however,
only a limited amount of design and economic data have been developed to date.
Artificial wetlands offer several advantages when compared to natural systems,
including greater flexibility in sizing and site selection, and greater
operational control for scientific testing. Moreover, since the long-term impact
of wastewater discharge to natural wetland ecosystems has not been well assessed,
the artificial wetlands offer an environmentally Sound alternative while
preserving aesthetic values and providing for enhancement of wildlife.

This report will present the results of studies using artificial wetlands at
Santee, California for both secondary treatment and advanced treatment (nitrogen
removal) of municipal wastewaters. The artificial wetlands consisted of plastic-
lined (Hypalon, 30 mil) excavations containing emergent vegetation (Scirpus spp.
and Typha spp.) growing in gravel. Two wetland beds (plots A&B) were 71.0 m long
x 11.6 m wide x 0.76 m deep. Two other beds (plots C&D) were 65.7 m long x 11.3 m
wide x 0.60 m deep. Such constructed wetlands offer a high degree of process
control and allow the development of generally applicable design and cost criteria
for a given level of wastewater treatment.

METHODS

All water samples were analyzed according to EPA approved methodology (U.S.
Environmental Protection Agency, 1979a). Ammonia-N was analyzed with an Orion ion
select ive electrode. llitrite-N was determined spectrophotometrica1ly by
diazotization. Nitrate-N was determined as n i t r i t e after cadmium reduction.
Total Kjeldahl nitrogen (TKH) was determined by Kjeldahl digestion and
potentiometric analysis of ammonia with an Orion ion select ive electrode.
Dissolved orthophosphate was measured by colorimetric analysis of the antimony-
phospho-molybdate complex. Total phosphorus was measured by persulfate digestion
followed by orthophosphate analysis. BOD (biochemical oxygen demand) was measured
using a 5-day incubation at 20°C. Suspended solids (non-filterable residue) were
determined gra vimetrical ly after f i l t r a t ion and drying to a constant weight at
103-105°C. Oxygen was measured using a YSI 5AA Oxygen meter, calibrated weekly
using the Winkler procedure. Oxidation-reduction potential was determined using
an Orion 407 Ion Analyzer with redox probe, and pH was measured using an Ecolab
Model 10ZB meter.

Samples were collected weekly by pumping water from a standpipe reaching to the
bottom at the effluent end of each bed. Valves at the inflow and outflow of each
bed were used to regulate flow rates (application rates) and control water level.

RESULTS AND DISCUSSION

Figure 1 is a photograph of the ar t i f ic ia l wetland site at the Santee Water
Reclamation Facility in Santee, California.
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Fig. 1 The four artificial wetland beds at the Santee
Water Reclamation Facility, Santee, California. Note
the automobile at center of wetland beds for scale.

Table 1 shows the mean concentration of nitrogen, BOD, and suspended solids in
both the primary and secondary effluent at the Santee Water Reclamation Plant. In
the secondary effluent, the organic carbon (BOD): nitrate-N ratio is very low,
about 0.18.

TABLE 1 Mean Concentration of Nitrogen, BOD and
Suspended Solids in Primary and Secondary Effluent
at the Santee Treatment Facility (all values in mg/1)

Primary Effluent

Total Nitrogen (TN)
Total Inorganic Nitrogen (TIN)
Ammonia Nitrogen
Nitrate Nitrogen
BOD
Suspended Solids

Secondary Effluent

Total Nitrogen
Total Inorganic Nitrogen
Ammonia Nitrogen
Nitrate Nitrogen
BOD
Suspended Solids

26.0
23.2
22.9

0.3
148.0
52.6

19.0
18.4
0.1

18.3
3.3
3.9

Previous reports have shown the util i ty of these artificial wetlands to provide
for advanced treatment (nitrogen removal) of secondary municipal wastewaters,
especially when exogenous carbon is supplied to drive denitrification either by
adding methanol or by adding mulched biomass to the overlying waters of the
wetlands (Gersberg, Elkins and Goldman, 1983a; 1983b).
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At a municipal wastewater treatment facility, the least expensive carbon source of
all of those available is primary effluent. However, when blending un-nitrified
primary effluent into the secondary effluent stream in order to supplement the
carbon supply and drive denitrification, the wetlands must function to both
nitrify the ammonia introduced in the primary effluent, and also to reduce the BOD
(biochemical oxygen demand) and suspended solids levels which have been elevated
by the primary effluent addition.

Figure 2 shows the capacity of the artificial wetlands for the removal of total
nitrogen (TN) when receiving a blend of primary and secondary effluent at a blend
ratio of 1:2 (6 cm per day 1° : 12 cm per day 2°).

Fig. 2 Mean level of total nitrogen (TN) in the inflow
and effluent of artificial wetlands receiving a blend of
primary (1°) and secondary (2°) effluent at a
ratio of 1:2 (6 cm per day 1°: 12 cm per day 2°).

For the complete year from July 1982 through July 1983, the mean removal
efficiencies were 80% +10 for TN and 80% ±15 for TIN (nitrate + nitrite +
ammonia). During the period shown in Fig. 2, the mean level of TN in the effluent
from the artificial wetlands was 4.3 + 2.1 mgl and the mean level of TIN was 3.E
+ 2.2 mgl-1

The Committee on Water Quality Criteria of the U.S. National Academy of Science
(1972) has recommended that the nitrate concentration in public water supply
sources not exceed 10 ragl to avoid the risk of methemoglobinemia in human
infants. It is necessary, therefore, that whenever a domestic aquifer is
recharged by injection or percolation with reclaimed wastewater, that the
treatment process meet the drinking water standard for nitrogen. Our results
(Fig. 2) show that only on one occasion throughout the whole year of study (in
early December, 1982) did the TIN concentration in the effluent of the wetlands
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i-lexceed 10 mgl . Such data emphasize the reliability of artificial wetlands for
the advanced treatment of blended primary and secondary wastewaters so as to meet
the drinking water N standard without any added cost for supplemental carbon
additions.

Figure 3 shows the capacity of the artificial wetlands for the removal of BOD and
suspended solids when receiving a blend of primary and secondary wastewaters at a
blend ratio of 1:2 (6 cm per day 1° : 12 cm per day 2°).

A M J J
1983

Fig. 3 Mean level of B0D5 (biochemical oxygen demand)
and total suspended solids in the inflow and effluent
of art if icial wetlands receiving a blend of primary (1°)
and secondary (2°) effluent at a ratio of 1:2 (6 cm per
day 1°: 12 cm per day 2°.

For the period from July, 1982 through August, 1983, the mean removal efficiency
was 93% + 8 for BOD and 88% + 16 for suspended so l ids . During the above period,
the mean levels of BOD and suspended solids in the inflow were 49 + 16 mgl"1 and
1 9 + 9 m g l , respectively. After flow through the art i f icial wetlands system,
the mean effluent leve ls were 3.2 + 4.0 mgl"1 for BOD and 1.9 + 2.3 mgl"1 for
suspended solids, both of these values well below the 10/10 mgl"1 standard for
advanced wastewater treatment (U.S. Environmental Protection Agency, 1979b).
These data emphasize the capacity of the wetlands for integrated treatment,
performing both secondary and advanced wastewater treatment (nitrogen removal) in
a single biological system.

At the hydraulic application rate of 6 cm per day of primary effluent and 12 cm
per day of secondary effluent, approximately 5 acres (2 ha) of constructed
wetlands would be required to treat 1 mgd (3785 m3 per day) to the advanced level
of treatment shown in Fig. 2 and Fig. 3. Cost estimates from this study for a
to ta l wastewater application rate of 18 cm per day (8 hr retention time), show
that construction costs (ENR index = 4200) would be $450,000 (not including land

JWST AMSTERDAM 2 - B
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costs), while O&M costs, including that for harvesting, would amount to about $137
per 3785 ra treated. In the case above, no credit is given for the potential
value of harvested vegetation.

The use of artificial wetlands for the polishing of secondary wastewaters by the
blending of primary effluents, could save approximately $30,000 of O&M expense
annually for a conventional activated sludge treatment facility (3785 ra per day)
by reducing that fraction of the total wastewater flow that would have to be
treated in the aeration process (U.S. Environmental Protection Agency, 1978).
Alternatively, an existing secondary treatment facility could accomplish the goals
of advanced treatment by constructing artificial wetlands, and at the same time
expand existing secondary treatment capacity by as much as 33% solely by enlarging
the primary sedimentation capacity.

Since the primary treatment process accounts for only about 25% of the total
construction cost (U.S. Environmental Protection Agency, 1980) and 30-40% of the
total O&M expense of a conventional secondary wastewater treatment facility, then
from a cost standpoint it would be most advantageous to use artificial wetlands to
accomplish the secondary treatment step on primary wastewaters. Figure 4 shows
the capacity of the artificial wetlands for BOD removal when primary effluent was
the sole source of inflow. At an application rate of 6 - 8.3 cm per day, the mean
BOD removal efficiency for the period from July, 1982 through August, 1983 was
78%, with the mean influent level of 148 mgl reduced to a mean value of 33 mgl
in the wetland effluent.

& M J

1983

Fig. 4 Mean level of BOD^ (biochemical oxygen demand)
in the inflow and effluent of the artificial wetlands
at a primary wastewater and application rate of 6 cm per
day (dotted lines) and 8.3 cm per day (solid lines).

Figure 5 shows that at the primary wastewater application rate of 6 - 8.3 cm per
day, the artificial wetlands removed 80% o£ inflowing suspended solids, with the
mean influent level of 50 mgl" reduced to a mean value of 10 mgl in the wetland
effluent.
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Fig. 5 Mean level of total suspended solids in the
inflow and effluent of the artificial wetlands at a
primary wastewater application rate of 6 cm per day
(dotted lines) and 8.3 cm per day (solid lines).

At no time throughout the period of study did the suspended solids concentration
in the wetland effluent ever exceed 30 mgl .

The data presented above show that at hydraulic application rates of 6 - 8.3 cm
per day of primary wastewater, the artificial wetlands can very nearly attain
secondary treatment quality (30 mgl"1) for BOD, and do attain advanced secondary
treatment quality (10 mgl ) for suspended solids. During the summer of 1983, BOD
removal efficiency (at an application rate of 8.3 cm per day) decreased to only
60%, this most probably due to the fact that the BOD loading rate was too high to
sustain low effluent BOD levels over long-term operation. In late June of 1983,
the hydraulic application rate was lowered to 6 cm per day and by late August, the
effluent BOD levels dropped once again to less than 30 mgl~*.

When primary effluent was applied to the wetlands at the application rate of 6 -
8.3 cm per day, removal of total nitrogen was low (less than 25%) due to the fact
that significant amounts of ammonia were always present in the wetland effluent.
Evidently, the rate of nitrification is the factor limiting high rate nitrogen
removal when primary effluent is the sole source of inflow.

At the application rate of 6 cm per day (wetlands retention time = 1 day), our
study shows that only 16 acres of constructed wetlands would be required to treat
1 mgd (3785 ra ) of primary wastewaters to secondary treatment levels. The capital
cost for this area of wetlands is estimated to be $1,500,000 (ENR = 4200), as
compared to $2,500,000 for a conventional secondary treatment facility (excluding
the capital cost of primary sedimentation facilities). The estimated O&M expense
(labor, energy cost, parts and supplies, and harvesting) for the artificial
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wetlands would be about $137 per 3785 m^ t r e a t e d , a v a l u e l e s s than h a l f the
corresponding cost for conventional secondary treatment.

Our r e s u l t s show tha t cons t ruc ted wet lands can be designed to meet s p e c i f i c
po l lu tan t removal requirements, while enhancing w i ld l i f e habitat and conserving
energy r e s o u r c e s . Information on c a p i t a l and 0&M expense shows tha t t h i s
a l t e r n a t i v e i s more than competitive with other treatment technologies a v a i l a b l e
to sma l l to medium sized communities. The process design of these wet lands i s
re la t ively simple and they require l i t t l e attention and u t i l ize no chemicals.
From both a cost and energy viewpoint, artificial wetland treatment appears to be
an attractive approach for small communities which are attempting to meet their
treatment needs while being receptive to an emerging and environmentally sound
technology.
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ABSTRACT

Intestinal pathogens and parasites are a problem associated with the disposal of
sewage sludge to pasture. Those of major importance are ova of the beef
tapeworm (Taenia saginata) and Salmonella bacteria. Techniques for routine
monitoring of pathogens and intestinal parasite levels in sludge together with
design of simple methods for their removal have intensified, because disposal
of sewage sludge to pasture is coming under increasing international
surveillance.

The. performance during field trials of a proprietary peracetic acid compound
(containing 36 to 40% w/w peracetic. acid), hereafter referred to as PAA (100%),
is described. These trials under operational conditions showed it to be a
suitable bacterial and ovicidal agent for the. disinfection of raw, digested and
activated sludges.

Concentrations ranging from 250 to 1000 mg PAA/1 have achieved up to 99% inhibition
of hatching and up to 100% destruction in viability of tapeworm embryos suspended
in raw and digested sludges.

Similarly these concentrations resulted in 5 log,reductions in salmonellae seeded
in raw sludge. A dose of 250 mg PAA/1 reduced salmonellae levels from 4600
organism/100cm3 to <30/100cm3 during gravity thickening of surplus activated
sludge. Results from 46 tanker loads of consolidated surplus activated sludge
revealed that salmonellae levels were reduced from 2400 organisms/100 cm to
<30/100 cm3 at doses of 500, 400 and 300 mg PAA/1, At a lower dose of 150 mg

PAA/1 levels were reduced to within a range of <30 to 430 organisms/100 cm3.

At optimum disinfection concentrations for the destruction of both bacteria and
parasites, PAA was rapidly utilised resulting in safe, readily biodegradable,
non-toxic residuals. The technical and practical benefits, principals of
disinfecting sludge and ecological safeguards are highlighted in this paper.
Use is made of case histories to describe practical operating techniques.

KEYWORDS

Sludge; disinfection; pathogens; salmonellae; tapeworm ova; land disposal.
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INTRODUCTION

The annual disposal to pasture land of some 13.3 million wet tonnes of sewage
sludge (££. 47% digested) in the U.K. remains a cost effective option, because
it can be operated locally, maintains operational flexibility and supplies
available nutrients for crop culture or grass to be grazed. Within the U.K.
sludge is supplied free of charge as a service to local farmers. The current
status of research and the need for simple chemical disinfection methods for
removal of beef tapeworm (Taenia saginata) ova and Salmonella, which are the
major sewage borne pathogens identified in the U.K., has received increasing
attention (Crewe and Owen, 1981; Crcwe and Owen, 19H2; Jones et al., 1982,
Godfree et al. , 198.1; Fraser et al_. , 1983).

Conventional sewage and sludge treatment processes are not designed to kill
pathogenic organisms. While traditional biological sludge stabilisation
processes have been shown to lower the number of pathogenic organisms, these
processes do not achieve their complete removal. Other methods of sludge
treatment include drying or desiccation, heat treatment (pasteurisation etc.)
long term storage, irradiation and thermoradiation, which can further or
completely remove pathogens. However many of these methods are of limited
practical use due to economics, energy requirements or secondary impact
constraints.

European Community legislation controlling agricultural use of sewage sludge is
being debated and may enforce sludge disinfection in some circumstances as a
means of stabilisation before disposal to pasture land. The member states'
control of disinfection processes could be easier than the control they might
exert indirectly over 'no-grazing' intervals. In this light the operational use
of a peroxygen disinfectant provides a flexible and low cost capital alternative
method of stabilising sludge, not only in the U.K. but especially in tropical
and sub-tropical zones where raw human waste or sludges may contain dangerously
high levels of human pathogens. In these countries agricultural output could be
increased if raw waste and sludges could be disinfected readily and recycled.

EPIDEMIOLOGY OF IMPORTANT PATHOGENS

Taenia saginata

It is widely considered that this intestinal parasite of man is often present in
sewage and therefore can be transmitted regularly via sewage sludge to its
intermediate host, cattle. Conventional treatment of sewage does not eradicate
ova of T. saginata from sludge (Newton et al. 1949; Arundel and Adolph, 1980;
Carrington, 1978; Carrington 1980). Ova tend to concentrate in sludge,
particularly primary sludge, due to their microscopic size (38 on long, 35 urn wide)
and high specific gravity. Indeed ova have been found in raw, screened and
settled sewage, in primary filter, humus tank and activated sludges
(Greenberg and Dean, 1958).

Incidents of infection of the larval stage (Cysticercus bovis) in cattle have
occurred following the spreading of faeces (Jepson and Roth, 1952), sewage
(Kreuger, 1935; Rickards and Adolph, 1977), raw human slurry (McPherson e_t al.
1978), and raw sewage sludge to grazing land when cattle have been present or
introduced shortly afterwards (Reilly, et al. 1981).
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A major problem is that ova can survive for long periods, e.g. 16 days in
untreated sewage, 71 days in liquid manure, 33 days in water, from 159 to 179
days on grass in open air (Jepson and Roth, 1952; Gemmel and Johnson, 1976), 165
days in dry soil (Penfold _et al_., 1937) and from 65 to 168 days at 4 to 5°C
(Froyd 1962).

Even in the U.K. 1_. saginata is indigenous due to the infection cycle man-cow-man,
non-detection of lightly infected carcasses during meat inspection, inadequate
cooking and increased population mobility. About £750,000 is lost annually due
to the downgrading or condemnation of beef carcasses (Owen and Crewe 1979). A
world—wide estimate of the prevalence of beef tapeworm in man was conducted by
Stoll who concluded that ca, 40 million persons were infected in 1947. Today,
it is likely this estimate~can be increased substantially. The highest
infections in man are likely to be in those countries where the consumption of
raw beef is favoured, where sanitary conditions and sewage treatment methods
require improvement and where p_er capita income is lower than in Europe. Even
in the U.K. the true extent of human infection is not known.

Salmonella

Several cases have been reported of salmonellosis in cattle resulting from access
to sewage and cattle slurry on land (Bicknell, 1979; Jones, 1980). The initial
concentration of organisms and the 'no-grazing' interval govern the infectivity
of the contaminated pasture. The application of 135 m3/ha of slurry, containing
108 Salmonella dublin/100 cm3, infected 4 out of 6 calves grazing on the land the
next day. An outbreak of milk-borne salmonellosis in man was attributed to the
spreading of sewage sludge to land grazed shortly afterwards by dairy cattle
(Burnet et al,, 1980), while an instance of infection occurred in cattle, which
were grazing on land onto which sewage leaked from a sewer (Bicknell, 1972). In
some situations, particularly when it is known that the numbers of pathogens are
high in sewage sludge disposed to land, rather than accept any degree of risk it
would be preferable to eliminate them.

Survival of salmonellae in sludge applied to pasture is dependent upon the
concentrations present and on the environmental conditions to which these
organisms are exposed. Certain serotypes were found to survive for 12 weeks in
the soil (Taylor and Burrows, 1971). It was observed that salmonellae could be
recovered up to 7 weeks and on one occasion 69 days after sludge had been applied
to land under ponding conditions e.g. in wheel ruts (Hudson and Fennel, 1980).
Survival of salmonellae, initially seeded to low levels in sludge applied at the
rate of 70 m3/ha to soil which was subjected to arable farming processes under
normal summer conditions, was about six weeks (Watson, 1980). On the continent,
Hess andBreer (1975) found Salmonella levels reaching 10 organisms/100 cm of
sludge, with survival times up to 72 weeks after spreading on pasture.

It is generally accepted that levels of salmonellae necessary to cause infection
in ruminants are large compared with concentrations normally encountered in sewage
sludge (Wray, 1975; Hall et_ jU. , 1978; Burnet et al., 1982). However under normal
farming practices many factors may influence whether or not animals become
infected. For example, young animals tend to be less resistant to disease
(Wray, 1975; Burnet et al.i 1980), concurrent infection with the liver fluke
(Fasciola hepatica) may lower the infective dose (Aitken et al., 1976), while an
inferior or reduced food supply may lower general resistance to infection
(Macdonald and Cornelium, 1969). Once infected, livestock can extensively
contaminate their own environment which may result in re-infection leading to
secondary outbreaks (Wray, 1975).
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Although experimental work on human infections of salmonellosis indicated that
extremely high numbers of the organisms were required to initiate disease
(Hook and Cuerrant, 1975), surveillance has shown that in practice levels of only
3 to 9 S. napoli or f5. eastbournc per g of chocolate have been incriminated
recently in outbreaks of salmonellosis (Craven et al,, 1975; Gill et al,, 1983),
Similarly, under conditions of normal farming practice, low levels of Salmonella
can cause infection in farm animals e.g. from surface run off (Reilly el: al.,
1981).

Not only worldwide but in the U.K. and other Western countries, salmonellosis,
unlike many other infectious diseases, has continued to increase over the last
four decades. This may be due to many factors including increased population
mobility) reservoirs within animals, multiple-drug resistance, transient or long-
term carriers, increased availability of processes foods, as well as slaughtering
and food preparation practices, where contaminated wastes are discharged in
effluents from factories. This cycle can be broken, quickly, effectively and
cheaply especially in emergency situations by dosing contaminated sludges or
slurries with PAA.

THE ENVIRONMENTAL ADVANTAGES OF PAA

TABLE 1. Typical Analysis of PAA, Properties,
Status of Equilibrium Mixture ana Decomposition

Products

Content % w/w Properties

Peracetic aci.d
Hydrogen peroxide
Acetic acid
Water
Sulphuric acid

38.0
3.3

44,9
13.1
0.7

Almost colourless liquid
Specific gravity (20 C) 1.135
Soluble in water/polar organic solvents
Freezing point -30°C approx.
Boiling point 105°C
Loss in PAA (U.K. ambient temp) £a. 1%/month
Total available oxygen 9.5% w/w

Status of equilibrium mixture

CH CO. OH

acetic acid

H O CH CO.OOII +
o

hydrogen peroxide peracetic acid
V

water

Routes of decomposition

en r/ + H9O
3 00H -

»• C H c' + ii o,
3 OH

(l)

CH C
3 S

CH C' +3 V
(2)

CH_c'
3 N 0H

CH + CO
4 2

(3)

(A)
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Inspection of Table 1 reveals that PAA combines the active oxygen characteristics
of a peroxide within an acetic acid molecule. It is the peracid species which is
responsible for disinfection. The ultimate decomposition products are acetic acid,
hydrogen peroxide and oxygen, with trace quantities of carbon dioxide, all of
which are readily soluble in water and toxicologically safe at recommended in-use
concentrations.

Extensive field trials within the U.K. have demonstrated ecological advantages for
using PAA as a sludge disinfectant. These are improved acceptability of treated
sludge, preservation of sludge fertiliser value, safeguards on receiving land and
protection of surface and ground waters from microbial contamination (Fraser et.
al., 1983).

Following storage at high summer temperatures, septicity in sludge has been
totally eliminated using concentrations of PAA required for disinfection. If
septic sludges are to be disposed to land, PAA is suitable for reducing odour
and so increasing acceptability.

Independent investigations at the University of Bradford showed that when fresh
humus sludges were treated over a concentration range of 380 to 760 mg PAA/1,
the resulting odours were reduced considerably in comparison to those emitted
from untreated sludges (J. Diaper personal communication). Full descriptions of
the sampling and measurement techniques used are available (Bailey, 1980;
Bredborough, 1980; Keddie 1982). In practice, when raw sludge and surplus
activated sludges were disinfected with PAA (250 to 500 mg PAA/1 ), improvement
in odour was noticeable on application to pasture. PAA reacts readily with
soluble sulphides and mercaptans, and so increases sludge acceptability when
distributed from slave tankers, tractor hauled trailer tankers and especially
rain guns. The area over which possible complaints of malodour are likely to
arise is reduced under operational conditions of spreading.

At operational concentrations required for disinfection PAA does not react with
ammonia, hence the availability of important ammonium compounds remains
undiminished. The rapid utilisation of PAA in sludge and its fully biodegradable
residues do not interfere with sludge humus improving soil constitution through
increased cohesion, better crumble structure and often increased water retention.

Even at concentrations as high as 1000 mg/1 in sludges PAA was rapidly utilised,
with <2% remaining after 12 minutes (Fraser et al_. , 1983), Insufficient residual
remains under operational conditions to initiate phytotoxic action,or \o interfere
with the beneficial microbial community associated with plant roots or root
endomycorrhizae, which cannot recolonisc naturally if destroyed (Rovira, 1965,
Wilde, 1968),

Rapid utilisation and biodegradable decomposition products of PAA used in
operational sludge disinfection means that the essential geochemical cycles
performed by micro-organisms in soil, which include mineralisation of organic
carbon3 nitrogen and sulphur, are not deleteriously affected. Prodigious growths
of the field mushroom (Agaricus campestria) and ink-cap (Boletus spp.) have been
recorded in fields, following the application of PAA disinfected sludges. Such
fungi do not grow in unfavourable conditions and their very presence indicates
that PAA treated sludges do not give rise to unacceptable biological effects
on organisms naturally occurring in soil.

Emergent earthworms (Lumbricus terrestris) on pasture plots receiving PAA treated
sludges did not display significant differences in size, number, condition or
activity in comparison to those sprayed with untreated sludges. Because the
earthworm is an important indicator of soil fertility, adverse effects on other
invertebrate fauna following sludge disinfection with PAA remains unlikely.
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Detailed examination of pasture floral communities before and after distribution
of PAA disinfected sludges, at operational loadings of 85 m3/ha (7600 gallons/
acre) from slave tanker or 17 nrVha (1500 gallons/acre) from farm tankers, showed
promotion in growth of all plants identified (Table 2).

TABLE 2.

Type

Most Common Plants
Disinfected

in Fields
with PAA

Common name

Receiving Sludges

Latin name

Grasses

Broad leaved
weeds

Perennial rye grass
Fescues
Bents
Yorkshire fog
Meadow grasses
Cock's-foot
Greater plantain
Dandelion
Creeping buttercup
Broad leaf dock
Creeping thistle

Lolium
Festuca spp.
Agrostis spp.
Holcus lanatus
Poa spp.
Dactylis gromerata
Plantago major
Taraxacum officinale
Ranunculus repens
Rumex obtusifolius
Cirsium arvense

Pasture land, which receives sludge regularly in the north of England, yields
three crops for winter feed whereas only one crop is obtained from fields not
receiving sludge. Sludges disinfected with PAA may be used in these
circumstances in the knowledge that such yields can continue.

Although Codes of Practice serve to protect surface and ground waters from
pathogen contamination due to surface run—off from pastures spread with sludge,
incidents of contamination may occur accidentally. Disinfection of sludge with
PAA reduces the risks of spreading pathogens to footpaths, hedgerows, open
culverts, land drains and small streams. Disinfection with PAA can also extend
the land areas over which sludge is applied e.g. onto limestone. Soil on
limestone tends to be thinly distributed and the ground is permeated often with
holes and fissures. Such areas have often been precluded in the past from
receiving sludge because of the high risk of contaminating ground waters.

RESULTS FROM CASE HISTORIES

During extensive field trials mature ova of j_, saginata, were suspended in
immersion cells (Fraser et al,, 1983), and exposed for 1 hour to raw and digested
sludges dosed with levels ranging from 250 to 1000 mg PAA/1. Microscopical
examination revealed hatching ability in raw sludge was severely retarded (1%)
at a concentration of 1000 mg PAA/1 in comparison to controls (94%). Active
embryos were not observed at the dose of 1000 mg PAA/1, while 25% of embryos in
control sludge remained active (Table 3).
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TABLE 3. Hatching, Rate and Viability of T. saninata Ova
before Exposure to Sludge and After a 1-Hour

Contact Time in Raw and Digested Sludge

457

Medium Treatment % hatched % hatched and
ACTIVE*

None Pre-dose control 77 62

Raw sludge

Digested sludge

Control
250 mg PAA/1
500 mg PM/1

1000 mg PAA/1

Control
250 mg PAA/J
500 mg PAA/1

1000 mg PAA/1

94

ao
93
1

78
4
11
2

25
41
33
0

36
3
5
0

*Hatched with embryos showing positive movement.

Raw sludge from a works receiving domestic and agricultural sewage was seeded
with high levels of S_. typhimurium and Ŝ. montevideo. This sludge was spread
(590 1/35 m2 or 170 m3/ha) to pasture plots to reflect the highest loading
encountered in practice. Salmonellae were recovered by methods described by
Fraser ê_t sQ, , (1983), grown and isolated (Rappaport et al,, 1956; Vassiliadis
et al., 1978) and estimated using the Most Probable Number (MPN) technique
TH.M.S.O., 1971).

TABLE 4. Effect of PAA

Sludge Treatment

Control

250 mg PAA/1

500 mg PAA/1

1000 mg PAA/1

: n Seeded Raw
on Land.

Elapsed Time
(days)

7
14
28

7
14
28

7
1/1
28

7
1.4
28

Sewage Sludge Spread

% survival
of salmonellae

0.9
0.2
0.03

0.03
0.03
0.0002

0.07
0.002
0.0002

0.002
0.0002
0.0002
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Salmonellae levels (Table 4) were reduced from 1.77 X 107/100 g to <440/100 g of
receiving soil within 7 days at the initial dose of 1000 mg PAA/1 and within 28
days at the dose of 250 mg PAA/1, so achieving the levels laid down in the
Code of Practice for the North West Water Authority, (N.W.W.A.): ^750 organisms/
100 cm*5 of sludge. Because sampling of soil was conducted only at 7-day
intervals and since it was observed that PAA at the dose of 1000 mg/1 lasted for
< 12 minutes, it is likely that disinfection occurred rapidly. This was

confirmed during laboratory tests.

In the North of England, a sewage effluent treatment works, serving an equivalent
population of 72,000, received trade effluent from agriculturally based industry
including abattoir, milk processing and paper processing. Sewage was retained
for £a. 3 hours within covered oxygen activated sludge tanks which received
5 tonnes/day of 95% oxygen from a Pressure Swing Absorption Plant. Surplus
activated sludge was pumped into a storage well and transferred to consolidation
tanks 1 or 2 (each 276 m3) for thickening (c&_. 24h retention), to achieve a
solids content of 1 to 2% w/w. Sludge was pumped to storage tank 3 (ca. 48h
retention) for further thickening (3 to 6% w/w solids) before transfer to road
tankers for disposal to pasture. Hence this works had limited storage without
the capability for further sludge treatment.

Salmonella levels varied between <30 to >24,000 organisms/100 cm in the
consolidated sludge. Jlenee the N.W.W.A. Code of Practice of ^ 1000 organisms/
100 cm3 was achieved only for 40% of the operational period between February
and August 1983. The random distribution of Salmonella levels coupled with the
extremely short retention times meant that sludge could not be applied to land.

PAA was in-line injected (250 mg PAA/l) into the main transferring surplus
activated sludge to tanks 1 or 2 which previously had been emptied and cleaned of
sludge to avoid possible recontamination from residuals. Salmonellae levels wore
monitored daily, before, during and after sludge thickening, using standardised
techniques as already described.

Date

Day 1

Sludge Following Addition of Various

Level before dosing
(organisms/100 cm )

4622
4622
4622
4622

of PAA

Dose
(mg PAA/1)

250
500
750

1000

Concentrations

Result
(organisms/100 cm )

<30
< 30
<30
<30



Use of peracetic acid 459

TABLE 6.
of

Reduction in Level of Salmonella (From 4622 organisms/100 cm
Surplus Activated Sludge) in Consolidation

Following

Date

in-line Injection of 250 mg

Liquor Tank 1

Tank Liquors
PAA/1

Tank 2

Day 3 Surface layer
Decanted top water
Decanted mid water
Settled sludge

Day 9 Surface layer
Decanted top water
Decanted mi d water
Settled sludge

<30
<30
<30
< 30

<30
<30
<30
<30

< 30
< 30
< 30
< 30

< 30
< 30
< 30
< 30

TABLE 7.

Date

Reduction in Salmo
Following i n-1i

Surplus activated
(organisms/100

nella Levels
ne Injection

sludge
cm3)

in Consolidation Tanks
of 250 mg PAA/1

Organisms/100 cm
Tank 1 Tank 2

1 and

Tank

2

3

At start
Day 1
Day 2
Day 3
Day 4
Day 5
*Day 6
Day 7

4622
4622

385
933
427

<30
<30
< 30
<30
<30
36

<30

< 30
< 30
< 30
< 30
< 30
92

< 30

<30
36

< 30
92

*Day 6 TCx-Road tanker <30

Preliminary indicator tests had shown that at all doses between 250 and 1000 mg
PAA/1, Salmonella levels could be reduced from 4622 organisms/100 cm to
<30/100 cm-3 of sludge (Table 5). Table 6 shows salmonellae levels were
reduced from 4622 organisms/100 cm3 to <30/100 cm3 throughout all phases during
consolidation. Table 7 shows these reductions were maintained throughout the
entire thickening/storage system despite an enforced retention of 5 days. It was
observed that while decanted liquors had achieved remarkable clarities, treated
consolidated sludge was lighter in colour (grey brown). Septicity of settled
sludge was prevented, Septioity had occurred both before and after the trial
over high temperatures (24 to 29 C) recorded in the tanks.

In the next trial PAA was in-line injected into consolidated sludge (3.8% w/w
solids) as it was loaded into road tankers (14 to 15 tonne loads). On each
consecutive day a dose level ranging from 150 to 500 mg PAA/1 was applied, and
samples were taken before and after dosing of each tanker. The sampling
programme was designed to cover the full working day (7 am to 7 pm) and detailed
records were kept of tanker registration, time of loading, volume carried and
destination.
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TABLE 8. The Reduction in Salmonella Levels Following in-line Dosing of PAA
During Loading of Road Tankers with Consolidated Sludge

Tanker loads each
(12 to 14 tonnes)

Salmonella level before dosing
(organisms/100 cm )

Dose in
sludge

(mg PAA/1)
(organisms/lOOcm )

range mean range

14
9
7
9
7

560
188
793
469
730

(147
(36

(143
(36

(147

to
to
to
to
to

933)
231)

2398)
1494)
1494)

500
300
250
200
150

*<30
<30
<30
50

160

(18
(30
(30

_

-.

to
to
to

92)
147)
427)

* Lowest count taken

Table 8 shows that Salmonella levels were below the limits of enumeration in all
samples taken from sludges dosed with 300 and 500 mg PAA/1. At doses below
250 mg PAA/1 low levels of Salmonella were detectable.. Even at 150 mg FAA/1
Salmonella had been reduced from 1494 organisms/100 cm to the upper range
value of 427 organisms/lOO cm of Hludge, Thus at this .low dose sludge was
still rendered safe for distribution to pasture land. The mechanism of
disinfection deserves attention.

MECHANISM OF DISINFECTION

The properties of PAA are different quantitatively and qualitatively from
hydrogen peroxide or acetic acid from which it is derived. Tndeed,
investigations have shown that PAA has a much stronger microbiocidal action than
these same products of decomposition (Tichacek, 1962; Baldry, 1983). Even in the
vapour phase PAA has demonstrated the highest kill rate at the lowest
concentration when compared with a broad battery of other available disinfectants
tested (Russel ct al., 1982; Baldry, 1983). The other applications of PAA as a
strong oxidising agent and broad spectrum microbiocide have been reviewed
(Fraser, 1980).

It has been suggested that PAA disrupts sulphydryl (-SH) and sulphur (S-S) bonds
within enzymes, hence important components in membranes are broken by oxidative
disruption (Davis et al.> 1980). Tndeed PAA probably dislocates the chemiosmotic
function of membrane transport through rupture or dislocation of cell walls,
which seriously impedes cellular activity. Intracellular PAA may also oxidise
essential enzymes; thus vital biochemical pathways, active transport across
membranes and intracellular solute levels are impaired (Fraser et al., 1983). An
important point is that PAA is unaffected by and -inactivates catalase, an enzyme
known to detoxify free hydroxyl radicals (Greenspan and Mackellar, 1951; Greenspan
et al., 1955). It has been suggested that the ovicidal properties of PAA may be
'related to its effects as a protein denaturant demonstrated when used as a
sporicide (Fraser et al., 1983). Indeed lack of visible movement, dark
colouration, granulation and ovoid shrunken appearance are typical symptoms among
cestode oncospheres in sludges disinfected with PAA, Disruption, penetration or
dislocation by PAA of these protective embryophoric membranes during embryo
maturation may further lead to catastrophic exposure of the embryo to the
environmental conditions prevailing once sludge is spread on pasture. Our
investigations have shown that PAA, when dosed at 500 to 1000 mg/1 of sludge,
induces sufficient penetrative and disruptive action within embryo cells to result
in considerable morphological damage. One explanation of this mechanism is that
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PAA alters the chemical constitution and so weakens the cement bonding between
embryophoric blocks before penetrating more deeply. It was observed that a dose
of 250 mg PAA/1 in a digested sludge was as ovicidal as 1000 mg PAA/1 in a raw
sludge, and killed up to 99% of the embryos, as diagnosed from current methods of
viability determination. Sulphate reducing bacteria and other anaerobes, if
present in sludge, are also killed well within the operational concentration range
of PAA required for disinfection of pathogens. Anaerobes are probably more
sensitive because they lack both catalase and superoxide dismutase. Also PAA is
extremely fast acting over a broad temperature range (-30 to 40 C)> thus it is
equally effective in both arctic and tropical conditions, and can be used
throughout all seasons prevailing in temperature zones.

When raw, digested and surplus activated sludges were treated with doses as high
as 1000 rag PAA/1, only small changes in pH occurred, obviously due to the
considerable buffering capacity of sludges. Under most operational conditions,
repeated use of PAA is unlikely to contribute significantly to the mobilisation
of metals. Many factors, however influence the dose of PAA required under
fully operational conditions at an effluent treatment works.

OPERATIONAL FACTORS OF DISINFECTION

The dosing regime of a chemical disinfectant should be reliable, 'fail-safe' and
simple to operate, maintain and monitor. It must take account of such operational
variables as differences in slave tanker size, residual untreated sludge in tanker
holds and internal pipelines and differences in loading procedure as practised by
operatives.

In terms of operations, continuous disinfection is preferable to intermittent
disinfection. It takes 5 days to determine the numbers of Salmonella in a
sample. If operational disinfection is intermittent, then there is no measure or
control during the 5 days required for detection of potentially dangerous high
levels of Salmonella. Such a system cannot be 'fail-safe' even if detailed daily
records are kept of the destination of every sludge load conveyed off the works
by each slave tanker.

The dose of chemical disinfectant applied on a continuous operational basis must
be sufficient to account for daily and seasonal variations in solids level and
therefore organic demand, temperature change, residence time of sludge during
thickening, sludge age and whether or not it is septic. Clearly, the optimum
cost-effective operational dose, to be 'fail-safe' should be capable of meeting
all these variables, whether they arise concomitantly or sequentially. With these
factors in mind the techniques of applying PAA are discussed.

TECHNIQUES OF APPLICATION

A great advantage of using PAA is the low cost, simplicity and ready availability
of dosing equipment. The disinfectant can be supplied internationally, usually
in 25 kg polyethylene containers for ease of handling and conveyance on rural
works. On site PAA can be transferred into the bulk storage tanks, using a
suitable barrel pump. Details of tank safety and control valves and vents and
materials of construction can be supplied to individual users by the
manufacturers.

The simplest dosing installation which is suitable for sludge mains and
non—pressure systems is injection of PAA directly into the pipeline conveying
sludge from storage tanks to the slave tanker as shown in Figure 1. The only



462 J.A.I.,. FRASER, A.F. GOD FREE and F. JONES

materials of construction for prolonged contact with concentrated PAA should be
certain types of stainless steel, (pre-passivatod with nitric acid), polytetra-
fluoroethylene (PTFE), or glass. Soft PVC and polyethylene are suitable only
for a few weeks. Dosing pumps should be of the positive (piston or diaphragm)
types but not peristaltic to avoid wastage through pump tube failure. An
electrically activated (solenoid) valve situated close to the injection head can
be used in unison with the metering pump to ensure that no sludge is forced back
to the storage vessel. The solenoid valve can also prevent syphoning of PAA from
the storage vessel. Alternatively a spring-loaded anti-syphon control valve, to
prevent syphoning from a head, can be used as appropriate on the discharge side
of the metering pump. Confinement of PAA over many hours within discharge lines
or within pumps should be avoided. A pressure relief valve and circulation loop
back to the intake side of the pump is often used to prevent pressure increase
due to PAA decomposition when the dosing pump is idle.

Before dosing pumps are switched off for any period of time they should be drained
of PAA and flushed out with clean water. If in-line injection is preferred at a
tanker loading gantry discharge pipes from the dosing pump should be of stainless
steel with similar couplings to withstand the rigors of vibration and mechanical
stress. When dosing is intermittent a water rinse is favoured e.g. after the
last sludge load each day. A simple installation is shown in Figure 1.

CONCLUSION

Treatment costs for operational use of PAA can be as low as £0.50 or
0.75 US $ I wet tonne of raw sludge for removal of Salmonella. Operational use of
PAA has reduced Salmonella levels by 99,999% and achieved up to 99% inhibition of
hatching with 100% destruction in viability of beef tapeworm embryos in raw
sludges. This cost effective means of disinfecting sludges can eradicate
potential health hazards associated with bacterial pathogens and intestinal
parasites. Hence the risks of infection to farm animals, from sludge as a
vehicle of transmission, can be eliminated. The 'no-grazing' interval can be
reduced to only a few days.

Within the application concentrations required for disinfection, PAA eliminated
sludge septicity, reduced sludge odour and increased acceptability on spreading
to pasture land, PAA was rapidly utilised in sludge and gave rise to safe,
readily biodegradable, non-toxic decomposition products. At optimum
concentrations required for disinfection of sludges, trials proved PAA was not
harmful to pasture plants, invertebrates or to beneficial organisms occurring in
soil. The fertiliser and soil conditioning values of sludges were undiminished.

The simplicity of dosing installations precludes the need for multi-stage sludge
treatment systems and provides a reliable interim method for disinfecting sludge
if capital intensive schemes are under appraisal. The ease of dosing minimises
capital outlay, meets emergency situations and maintains operational flexibility.
Benefits of use include compliance with fast sludge transport regimes, elimination
of prolonged sludge storage, protection of food crops or surface and ground waters
receiving run-off from application sites and potential reduction in loss of beef
carcasses due to condemnation or downgrading. Disinfection of sewage sludges
with PAA can assist in their safe disposal and valued use on land and offers a
practical solution for meeting economic and legislative demands whilst maintaining
good faith with the farming community.
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Fig. 1. Simple method of in-line injecting
PAA into sludge during loading of slave tankers.
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CONSIDERATIONS ON WATER, OIL
AND AIR IN POROUS MEDIA

H. O. Schiegg

Electrowatt Engineering Services Lid., P.O. Box, CH-8022 Zurich,
Switzerland

ABSTRACT

Oil, a hydrocarbon spilled above a phreatic aquifer, initially per-
colates primarily vertically until it reaches the capillary fringe.
Subsequently, the oil migrates within the capillary fringe parallel
to the groundwater table thereby creating an oil-polluted layer
parallel to the groundwater table. The mean thickness of such an oil-
polluted layer is denoted by H.

The objective of this paper is to describe H as a function of the
thickness of oil in an observation well and of the oil potential,
respectively. For oil to enter a porous medium, a minimum value of
H is necessary and will be determined.

The paper starts by explaining the relationship between the water-air
saturation curve and the saturation curves for water-oil and oil-air
as expressed by the scale factor 0.. Subsequently, the phenomenon of
capillary pollution is described. The influence of hysteresis in
capillarity on the above considerations is shown at the end of the
paper.

KEYWORDS

Groundwater pollution; hydrocarbon; observation well; minimum oil
layer thickness; relative oil potential.

THE THREE SATURATION CURVES

In case of the three non-mixing fluids, water (W), oil (0) and air
(A), three saturation curves, hC($)i defined as the relation between
capillary height (hc) and saturation (S) must be taken into consid-
eration:
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HCWA = h r
A

3

h -

c W(SW)

HCOA = h c | A

HCWO = h c

POROUS MEDIUM

O(SO)
0
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water-air saturation curve

oil - air saturation curve

water-oil saturation curve

(1 )

TUBE

• S Saturation

= Mean Capillary Height

hcmin = M i n i m u m Capillary Height

Fig. 1. Saturation Curve

Along a table, see Fig. 1, the
pressure in both fluids is
equal. In a tube the table
coincides with the interface,
in a capillary tube or porous
medium they do not coincide,
hip denotes the height of a
table above a reference level
zo, see Fig. 1.

The three saturation curves can
be measured experimentally.
However, due to the same geo-
metry of the pore space, the

TABLE three saturation curves can be
related by two scale factors
along the hc-axis. These scale
factors are based on the Laplace
equation in capillarity and the
relationship between curvature
radius and capillary radius. By
reference to the saturation
curve between water and air
they can be written as follows:

A
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0
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(2)

a denotes surface tension, y the interface tension, a is the wetting
angle, p the density.

Consequently:

microscopically

•d0

,0

= 0
0 w

macroscopically

HCOA = n

HCWO = n

HCWA

HCWA

(3)
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Schiegg (1979) gives for a hydrophil porous medium:

for Imbibition for Drainage

469

(0.6) 0.4

^ 1 2-3

confirmed experimentally by Schiegg (1980).

(4)

CAPILLARY POLLUTION

A saturation curve implies a macroscopic view of the interface in a
porous medium. However, it is based on all single menisci and their
connections at microscopic view.

An oil film of only molecular thickness already influences surface
tension and wetting angle of a meniscus between water and air. Such
capillary pollution transforms a water - air meniscus irreversibly
into a double meniscus composed of a water - oil meniscus and an oil -
air meniscus.

For considerations at macroscopic view it is convenient to replace
such a double meniscus by a fictitious water - air meniscus. To
emphazise the irreversibility of capillary pollution, a true water -
air meniscus is denoted as a virgin water - air meniscus and a
fictitious water - air meniscus is called a polluted meniscus.

The polluted capillary pressure, Pcpoll» i-s defined as

, A ,0
Pc poll = Pcl0 + Pclw • (5)

Since

Pc (Pw - Pnw)*g*hc (6)

where g is the gravity acceleration and the indices w and nw mean
"wetting" and "non-wetting" respectively. It follows that for the
polluted capillary height, hCpOi]_, assuming pA = 0 and p^ = 1,

I A
hc poll = = h r (7)

The difference between the virgin capillary height, hc virg »
polluted capillary height, hCpoll/

 i s called Capillary-Height-
Reduction, HCR:

HCR = h virg
- h_c poll

t n e

(8)
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40 60 80

Fig. l. Propagation ot o n paraiiei to tne ground-
water table within a virgin capillary fringe

The photograph in Fig. 2, which is an enlargement of circle 1 in
Fig. 6, reveals that propagating oil does not realize a virgin
situation but takes polluted conditions into account only.

The largest pores in an experiment will necessarily be encountered
along the wall. Therefore, the lowest points of the saturation
curves in Fig. 2 are relevant which for h

c m i n , see Fig. 1.

RELATIVE OIL POTENTIAL, *r

AND
HEIGHT OF OIL-COLUMN IN A TUBE, H T

Fig. 3 assumes pA< p0< pw. HT equals

= hiTl0 'TIS (9)

To express H T as a function of the fluid potentials, it shall be
started with the three equations defining the potential of each one
of the three fluids for h = hrjv in general

= p + p-g-hT (10)

For the three fluids three pair-combinations are conceivable,
namely: water-air, oil - air and water-oil. By definition, along
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AIR

WATER

OIL

a table the pressure difference between
the two fluids equals zero. For each of
the three relevant pairs of potential
defining equations the value of each of
the pressure differences is set to zero.
Explicit formulation of the three hT's
leads to:

( PA" PW ) g

w

a)

b)

c)

(11)

Fig. 3. Oil-Column in Tube Inserting Eqs. lib and lie in Eq. 9:

( f 3o" pw ) g
(12)

In general and as seen from Eq. 12, the height of the column of an
intermediate fluid such as oil is dependent not only on its own
potential but also on the potentials of the adjacent fluids.

For H T not to be dependent on the potential of water and air their
values must equal zero. A condition which is fulfilled for air any-
way, because atmospheric pressure is commonly assumed to equal zero
and PA ̂  0 since p&« Po < Pw • Consequently, the water potential is
zero if its reference level is set equal to the water -air table.
Oil potential referred to the water - air table is called "relative
potential", <i>r-

• Based on these assumptions and with
Pw=1 Eq. 12 reduces to

(13)

.35Lgm/cm3 J

981 [cm/s2]

1
9810.15

thus

Fig. 4. Relative potential, <j>r,
and height of oil-column
in tube, HIJ

HT [cm]
1

125 r[erg/cm^]
(14)



472 H.O. SCHIEGG

Eq. 13 and Fig. 4 correspond to the ice-berg principle. HT is com-
posed of a part (1 - PQ) * Hip above the water - a i r table and of a part
PO'Hrp below the water - air table.

HEIGHT OF OIL-COLUMN IN OBSERVATION-WELL, HT

AND
MEAN HEIGHT OF OIL-LAYER IN POROUS MEDIUM (AQUIFER), H

From Fig. 5 it follows that

H = HT + h-|^ ~
 hcl w

and with Eqs. 3

5 = H T + n|J -hg|£ - (15)

Assuming propagation of oil along a steady-state groundwater table,
which means imbibition, IM, for oil-air and drainage, DR, for water-
oil, Eq. 15 combined with Eq. 4 becomes

H = HT + 0.6 • hg
, A

IM
- 2.5

WDR

To eliminate the dependence on hg] , it is assumed that

1 i A fy r- , I A

(16)

(17)

AVERAGED
OIL LAYER
IN POROUS
MEDIUM

POROUS MEDIUM OBSERVATION
WELL

-hT

-«T|S

Fig. 5. Enlargement of circle 2 in Fig. 6
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Fig. 6. Schematic sketch of
oil propagation,
(Zilliox & Muntzer,
1974)

Since Eq. 15 implies Eq. 3, the virgin saturation curve for water
and air is assumed. Consequently:

h A _
c WDR " c virgDR

Inserted together with Eq. 17 into Eq. 16 it follows

H 'v H T - 2-hg- v i r g D R

and with Eq. 14

5 „ 1

(18)

" 2 -virg DR

denotes the mean capillary height of the virgin satura-
tion curve for water and air during drainage.

(19)

MINIMUM OIL-COLUMN-HEIGHT, H T . ,

MINIMUM RELATIVE-OIL-POTENTIAL, 4>rmin
FOR OIL TO ENTER A POROUS MEDIUM

For oil to enter a porous medium, the saturation of oil must exceed
its Representative Residual Saturation, RRSO, specifically its in-
sular saturation, RRSOj_ns. Consequently, for oil to enter the oil
column must be increased until the distance between HCOA, based on
the oil-air table, and HCWO, based on the water - oil table, in some
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horizontal plane equals RRSOins/ s e e Fig. 7a. For initial entrance
of oil no residual oil is present and HCWO is represented by the
dotted line in Fig. 7a.

The distance, Ah, see Fig. 7c, between the mentioned horizontal plane
and the water - air table equals the height of the oil propagation
plane above the groundwater table.

The photograph in Fig. 2 confirms Fig. 7, according to which the
minimum height for oil entrance of the oil - air table, j^
must be, if zo = - 0 i s assumed:

0 min
= hf ~ h clO{si}

The index Si means that both values refer to S =

W-RRSW POROUS TUBE RIVER
J—RRSOp.nb MEDIU

(20)

1- (RRSA+RRSOj_ns)}.

a. b. c.

Fig. 7. Minimum oil-column-height for oil to enter a
porous medium

Note:

RRSW
RRSA
RRSOins

RRS°pend

Representative Residual Saturation of Water
Representative Residual Saturation of Air
Representative Residual Saturation of Oilj_nsu]_ar
Representative Residual Saturation of Oil , .
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Of course, hc poll refers to HCWApoll and hs|Q to HCOA. For a first
approach and corresponding with Fig. 1 these values may be set equal
to the relevant mean values, hg. Hence:

% h5poll " Q

For simplification and staying on the safe side with respect to
minimum values for the entrance of oil it may be assumed that

' . i. 0,8-hs . - 0.5-hs
i m m c virg c virg

^ 0.3'hp . (22)
c virg K '

According to the final remark to Fig. 4, H T becomes
x mm

HTmin = ( l-p0) ' hT'omin ( 2 3 )

Assuming p o = 0.85 gm/cm
3 it follows with Eg. 22

H T . ^ 2'ha . (24)
1 min c virg v '

and with Eq. 14

* r m l n " 2 5 0* h5vir g
 ( 2 5 )

h 5 v i r denotes the mean capillary height of the virgin saturation
curve which is encountered by the propagating oil, see
Fig. 7b.

INFLUENCE OF HYSTERESIS

The hysteresis in capillarity is due to the hysteresis of the wetting
angle and is furthermore a consequence of the variation in diameter
of the pore space. Therefore, parameters such as p G, h c, Q as well as
the saturation curves are subject to hysteresis.

In the case of three non-mixing fluids there are four main combina-
tions conceivable.

The movements of the tables between oil and air as well as between
water and oil are dominated by the

I I n c r e a s e of the relative oil potential;
movements of the water - air table are not relevant.
This represents imbibition for the oil - air table and drainage
for the water - oil table.
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II D e c r e a s e of the relative oil potential;
movements of the water - air table are not relevant.
This represents drainage for the oil - air table and imbibition
for the water - oil table.

III R i s e of the water - air table;
developments of the relative oil potential are not relevant.
This represents imbibition for the oil - air table as well as
for the water - oil table.

IV D r o p of the water - air table;
developments of the relative oil potential are not relevant.
This represents drainage for the oil - air table as well as
for the water - oil table.

CONCLUSIONS

The averaged thickness, H, of an oil-polluted layer parallel to the
groundwater table is not equal to the thickness of oil in an obser-
vation well, see Fig. 5 and Eq. 15.

H can be described as a function of the mean capillary height for
water in air and of the oil potential (Eq. 19) or the thickness of
oil in an observation well, (Eq. 18).

The necessary thickness of oil on water for oil to enter a porous
medium equals twice the mean capillary height of the virgin satura-
tion curve which is encountered by the propagating oil, see Eq. 24.
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ABSTRACT

Unlike a number of other countries, where legislation requires that all landfills
are lined with impermeable materials, in the United Kingdom great reliance is
placed upon the attenuation of contaminants which occurs as leachate seeps through
intergranular unsaturated zones beneath sites. Much research has been reported
which supports this view, although in recent years the effectiveness and
reliability of these processes has been the subject of much debate.

This paper describes, and presents results from, a major research investigation
which has been funded by the United Kingdom Department of the Environment at a site
in Southern England where the landfill design has incorporated an engineered, semi-
permeable attenuation blanket, using locally available calcareous sands and silt,
which have been emplaced to a minimum depth of 6 m above the water table.

Installation o£ over 100 sampling and monitoring instruments within this
unsaturated zone before waste disposal began in June 1982 has made it possible to
obtain water samples from the saturated and unsaturated zones, gas samples from
the unsaturated zone, and to measure soil water pressure, electrical conductivity,
and temperature in situ, at 3 monthly intervals since this date, to allow
movement and attenuation of decomposition products of solid wastes to be monitored.

KEYWORDS

Landfill; Unsaturated Zone; Leachate; Attenuation; Instrumentation; Monitoring;
Groundwater; Domestic Wastes.

INTRODUCTION

It has been recognised for many years that a potential conflict of interests exists
between the continuing demands of the water industry, the minerals extraction
industry, and waste disposal. Throughout the UK groundwater accounts for about one
third of all public water supplies, but some regions are virtually dependent upon
groundwater. The same strata which yield water supplies have also been extensively
quarried by the cement, foundry sand, roadstone and aggregate industries. Since
the disposal of domestic rafucc by landfill continues to be the major method of
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wastes disposal in the UK it is inevitable that the infilling of exhausted mineral
workings is an attractive option. Unfortunately the British climate is such that
generation of polluting leachates is inevitable, thus creating a risk of contamin-
ating groundwater resources. This potential conflict has been recognised by the
Department of the Environment (Anon, 1976).

As leachate seeps from the base of a landfill it comes into contact with strata.
A potential therefore exists for interaction and indeed international research
has demonstrated a variety of physical, chemical and biochemical processes in the
unsaturated zone which result in a reduction of pollutant concentrations in leachates
(Anon, 1978; Fuller 1980). When coupled with dilution available in the saturated
zone, it has been concluded that a high degree of aquifer protection exists (Anon,
1978). Nonetheless doubts have persisted as to the efficiency of these processes
(Harris and Parry, 1982; Williams, 1982) and a generally acceptable means of
assessing attenuation as a result of leachate-rock interactions is required.

ASSESSMENT OF ATTENUATION

Studies Involving the use of columns packed with soils and with undisturbed natural
materials onto which leachates were applied, and batch studies in which soils
and leachates were mixed together, have been undertaken in the UK (Anon, 1978),
USA (Griffin and Shimp, 1978; Fuller, 1982) and Canada (Farquhar, 1977). Evidence
suggests that the following conclusions might be drawn:

a) soils of medium texture with at least 20% clay content, high level of iron
hydroxides and lime, and low soluble salts are most advantageous.

b) microbial activity is limited, and the major attenuating mechanism is sorption,
including cationic exchange.

c) chemical pollutants can be ranked according to their relative attenuation.

Unfortunately despite these investigations, the complexity of leachate-rock
interactions is such that there are considerable difficulties in proceeding from
basic understanding of the processes to a quantitative prediction of attenuation
(Patel et al, 1979). However, since both the clay content and cationic exchange
capacity of a soil can be measured using simple, standard laboratory techniques,
these have been adopted to make an assessment of the degree of attenuation which
occurs at a particular site. By comparing the concentration of a contaminant in
domestic refuse leachate with its drinking water standard and its attenuation
ranking it is possible to estimate the thickness of soil of a particular CEC required
to protect groundwater quality. In addition dilution can be calculated from site
specific knowledge of hydrogeolgical conditions.

DESCRIPTION OF THE LANDFILL SITE

In 1979 Aspinwall and Company were commissioned by ARC South Eastern to investi-
gate Stangate East Quarry, in Kent. This quarry was excavated into an alternating
sequence of limestones for which the quarry was worked, and soft calcareous sands
and silts (known as "hassock") which were a waste product, dumped or lagooned in
adjacent quarries.

These strata are permeable, and constitute a minor aquifer. A river flows within
100 m of the site and is of high quality, suitable for potable supply, and of high
amenity value. A full hydrogeological investigation confirmed that the river
receives spring flows from beneath the quarry area. Calculations indicated that
the groundwater underflow would provide sufficient dilution with respect to the
anticipated chloride load in leachate arisings, but that significant additional



Leachate attenuation in the unsaturated zone 479

attenuation would be needed to reduce ammonia and COD to acceptable levels. Attention
was therefore directed towards the characteristics of the underlying strata, and the
waste hassock and silt which were available for site preparation. After consultation
with the regional water authority it was agreed that a minimum thickness of 6 m
unsaturated zone should provide a significant factor of safety. Laboratory
determinations were made of clay content and mineralogy, cationic exchange capacity
and carbonate content; a minimum value of hassock permeability of about 10"6 m/sec
was established and permeability tests on a range of samples containing various
proportions of hassock and silt gave a value of about 10~5 m/oec for an 00:20 mi;:.

RIVER
BOURNE

«EST WATER

I SANDS ft SILTS
I (HASSOCK)

I LIMESTONE

K^Jj REFUSE

0 60m

HORIZONTAL SCALE

0 1Qm

VERTICAL SCALE

Fig.l. Cross-section through Stangate East Landfill

The landfill design therefore incorporated an engineered semi-permeable attenuation
blanket which it was calculated had sufficient attenuating characteristics to retard
the movement of more-readily attenuated pollutants, and which would reduce seepage
through the floor such that conservative pollutants would be adequately diluted by
groundwater underflow. It consists of a minimum of 4 m in-situ strata or compacted
hassock above the water table, overlain by 2 m of an 80:20 hassock:silt mix. The
migration of either leachate or gas through the side walls is prevented by a 1 m
wall of silt. The landfill was granted a licence to deposit up to 1,300 tonnes per
day of domestic, trade and commercial wastes, and has been receiving road-borne
waste from south-east London since September 1981,

RESEARCH PROGRAMME

This site therefore provides an opportunity to check the theoretical assessment of
attenuation on a field scale. An embayment of the quarry which was to be filled as
a single unit was selected for a programme of research, and is shown in Figure 2.
The objectives of the research programme are to obtain water samples from the
saturated and unsaturated zones beneath the landfill, to obtain gas samples from the
unsaturated zone, and to measure electrical conductivity, temperature, the level of
the water table and soil water pressure in-situ, by means of electrical instruments.

Instruments and sampling devices were to be installed within the silt and hassock
before landfilling commenced, and then monitored or sampled remotely from the top
of the quarry via a series of buried tubes and cables. Equipment was therefore
required to function in locations where both the horizontal distance (up to 125 m)
and vertical distance (up to 30 m) to the monitoring hut were large. In addition,
once the equipment had been installed it could not be maintained or repaired, and
since the experiment is a long-term one, must function for several years.

.IWST AMSTERUAM 2--D
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Fig. 2. Plan of experimental area, showing the
location of the four instrumented sites.

SELECTION OF INSTRUMENTS AND SAMPLING DEVICES

The following instruments and sampling devices were selected for installation;

Pressure vacuum lysimeters, to provide water samples from both the saturated and
unsaturated zones. The instruments consist of a ceramic cup mounted on the end of
a plastic cylinder. A vacuum is created within the cylinder, causing moisture to move
from the soil into the sampler by means of a non-return valve. Nitrogen is then
forced down one of two connecting tubes, forcing the sample to the surface by means
of the other.

Gas Samplers were specifically designed and constructed from a 450 mm length of 75mm
diameter plastic tubing, perforated and encased in 'Hydrotec' well screen. Gas is
sucked into the tube by means of an applied vacuum and is drawn to the surface via
a long nylon-walled connecting tube. It is also possible to measure the difference
between atmospheric pressure and gas pressure in the hassock at each location by
means of a precision inclined manometer in the instrumentation hut.

Gypsum Blocks consist of two stainless steel electrodes embedded in gypsum and
measure soil water pressures in the range of -10 to -2 bars. Changes in resistance
of the block occur as the moisture content of the soil varies. The buffering action
of the gypsum compensates for varying soil moisture quality to give a reliable
moisture content reading. These instruments are relatively inexpensive to install,
although it was accepted that they might only have a limited life.

Thermocouple Psychrometers were installed to measure low negative soil water pressures
in the range -1 to -60 bars. These consist of a chromel-constantan thermocouple
mounted in a hollow porous bulb, and work on the principle of psychrometric
measurement of soil water potential. They incorporate a copper/constantan thermocouple
which allows a direct temperature readout.

Pneumatic Piezometers were installed to measure water pressures in saturated
conditions. They comprise a porous element integral with a diaphragm transducer.
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Nitrogen from a readout unit in the instrumentation hut is applied through a tube
to one side of the flexible diaphragm until the pressure equals that of the ground-
water. The balance pressure is then displayed by the readout unit in metres head
of water.

Salinity Sensors were installed to measure electrical conductivity. These consist
of an electrolytic element composed of platinum electrodes embedded 1 ram apart
within a very fine porous ceramic disc. Ions migrate between the sensor and
surrounding soil such that a constant chemical equilibrium between the two is
maintained. A thermistor is incorporated, allowing a direct temperature readout.

INSTALLATION OF EQUIPMENT

A total of 108 instruments was installed, evenly divided among four sites (see Fig 2).
This was intended to give good coverage across the base of the experimental area,
while still leaving sufficient instruments and sampling devices at each site to
allow satisfactory profiles to be determined. At each site equipment was installed
within the hassock by means of 115 mm diameter boreholes which were drilled using
a mobile power auger. Each instrument was installed at the required depth, and
surrounded in compacted silica sand of suitable grain size to ensure that soil
moisture could move readily from the hassock to it. Layers of bentonite separated
individual instruments within each borehole to minimise the risk of the cables and
tubing providing an easy route for percolating leachate.

At each site a total of eight boreholes was drilled, at points on the circumference
of a 2 m radius circle with a minimum spacing of 1 m, and as far as possible an array
of the same type of instrument was installed in a single borehole. The instruments
were connected to the instrumentation hut via a series of continuous lengths of tubing
and multi-core cables, which were laid along a trench within the hassock, and were
of a specification that could withstand long-term strains and provide protection
against the potentially corrosive effects of leachate.

Table 1 summarises the installation of instruments completed at each of the four
sites, which were separated from each other by distances of about 25 m (Figure 2).

TABLE 1 Instruments Installed at Each of Four Sites

No of Instruments at each Site Approx Depth of Installation (m)

4 Gas Samplers 0.6, 1.5, 3.0, 5.0

4 Pneumatic Piezometers 1.5, 3.0, 5.0, 8.0

5 Pressure Vacuum Lysimeters 0.7, 1.5, 3.0, 5.0, 7,0

4 Thermocouple Psychrometers 0.5, 1.5, 3.0, 5.0

2 Thermocouple Psychrometers Installed with two of the

salinity sensors for comparison.

4 Salinity Sensors 0.5, 1.5, 3.0, 5.0

4 Gypsum Blocks 0.5, 1.5, 3.0, 5.0

Following the completion of the instrument installation readings were taken to give
a background control, before refuse was placed in the research area during June and
July 1982. The experimental area has rapidly been infilled, such that by December
1983 the hassock and instruments were covered by a depth of about 25-30 m of refuse.
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PERFORMANCE OF INSTRUMENTS

Monitoring Programme. A routine programme was arranged to monitor and sample all
instruments at three-monthly intervals. This frequency was chosen as a compromise
between the need to obtain full coverage of changes which occurred, particularly
during early years of the experiment, the fact that extraction of gas and water
samples would inevitably affect the environment from which they were taken to some
small extent, and cost. This monitoring frequency has subsequently proved to be
satisfactory, with significant changes in results taking place between visits.

Interstitial Water Samples. The pressure vacuum lysimeters have probably been the
most successful instrument to have been installed. Of twenty that were installed,
nineteen have consistently provided sample volumes greater than 500 mis, after being
left under vacuum for 72 hours. The other sampler failed at an early date, probably
due to a connection failure. Samplers have not apparently been affected by passage
of strong leachates. All water samples have been analysed for a full range of
determinands, including pH-value, COD, TOC, volatile acids, electrical conductivity,
ammonia, chloride, sulphate, nitrate, alkalinity and various metals.

Gas Samples. The gas samplers have also operated successfully, although four out of
sixteen installed had failed by September 1983. Failure has been due to blockage,
and where this occurred it happened within a few months of installation; no further
failures have occurred since early 1983. Samples are withdrawn into glass vessels
under suction, with care being taken to remove all gases from within the access
tube, and to flush sampling equipment with helium gas initially.

Moisture Content Determinations. At each site one of the four pneumatic piezometers
was installed within the saturated zone. These instruments have all operated well,
and made it possible to monitor groundwater level changes with an accuracy to the
nearest 0.1 m. Since all sites were accurately levelled in, this makes it possible
to compare results between sites. A standard hydraulic piezometer installed for
comparison and extended upwards as tipping proceeded, was unfortunately damaged and
no readings could be obtained.

Determination of the moisture content of hassock within the unsaturated zone has been
more problematic. Results from gypsum blocks have indicated high moisture contents,
just below saturation, and at the upper end of the range of these instruments. No
useful results have yet been obtained from the thermocouple psychrometers, which
measure much lower negative soil moisture pressures. Since the equipment was installed
during a wet winter period, it would be expected that its initial water content would
be high. However, no subsequent reductions in moisture content have been observed yet,
even though it is likely that the emplaced refuse will have absorbed a high
proportion of the effective rain falling onto the site.

Temperature Measurements. It is possible to determine temperature by two independent
means, using thermocouples from the thermocouple psychrometers, and using thermistors
within the salinity sensors. After initial difficulties with the first of these
methods, consistent results have been obtained from each type of instrument at each
site.

In-situ Electrical Conductivity Measurements. Results have been obtained from
fifteen of the sixteen in-situ salinity sensors installed within the unsaturated
zone. These have been of the same order, and have shown a similar pattern to results
obtained from analysis of samples obtained using pressure-vacuum lysimeters.
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RESULTS

The investigation is generating a large amount of data, both from in-situ instruments
and from analyses of samples taken from within the hassock. Although in general there
are similarities between the behaviour of each of the four sites that have been
instrumented, there are significant differences in the rates at which contaminants
have migrated through the hassock at each location. This demonstrates the benefit of
having four instrumented sites, which give better coverage across the base of the
landfill than could be provided, for example, by a single borehole. In view of the
large amount of data which have been obtained, this paper inevitably contains
selected results, but these have been chosen to be as representative as possible.

Temperature

Readings from thermistors in the salinity sensors have been very similar to results
from the thermocouples in the thermocouple psychrometers (see Table 2). No
particularly high temperatures have been measured within the unsaturated zone.
Results have typically ranged from about 20°C near to the surface of the silt/hassock
layer, to about 15°C immediately above the water table.

and Thermistors in Salinity Sensors

Depth (m) Instrument

0.5
0.5
0.5
1.3
1.5
1.5
3.0
3.0
5.0
5.0

Migration of Gases

SS
TP
TP
TP

SS
TP

SS
TP

SS
TP

(SS); Site 1, September 1983

; Temperature ( °C)

18.8
19.4
19.4
18.4
17.5
18.0
15.0
nr
nr
14.6

Results from the analysis of samples of gas from various depths within the hassock
at sites 1 and 4 are presented in Figure 3. Both sites show the widely-accepted
pattern of landfill gas generation first proposed by Farquhar and Rovers (1973).
Initial rapid conversion of oxygen to carbon dioxide is followed by anaerobic
production of carbon dioxide, with methanogenesis becoming established less rapidly.
Production of minor quantities of hydrogen (maximum 6.09 percent by volume) occurred
during the first six months after emplacement of refuse. A much higher initial
production of carbon dioxide at site 4 (maximum 88.0 percent by volume) and
subsequent greater production of methane, may indicate higher rates of biological
activity than at site 1.

Movement of landfill gases through the hassock is characterised by displacement of
nitrogen and dissolution of carbon dioxide, which is much more soluble than methane
or oxygen. Rapid preferential removal of oxygen, by conversion to carbon dioxide and
dissolution, resulted in initial raised concentrations of nitrogen (maximum 90.0
percent by volume). Dissolution of carbon dioxide did not result in significant
reduction in pH-value at any of the four sites, and values of from 6.5 to 7,0
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remained typical. Such pH reductions (to values as low as 4.0) have been noted by
other authors (Harris and Parry, 1982; Harris and Lowe, 1983), but are likely to
have been prevented in this study by the relatively high buffering capacity of
the calcareous hassock.

Perhaps the most important finding from these results is the conclusion that anaer-
obic conditions have rapidly become established within the full 6 m - depth of the
unsaturated zone beneath the landfill, by diffusion of landfill gases in advance of
any contaminated liquors percolating from the wastes. Clearly this has an important
bearing on the nature of processes which might subsequently act to attenuate
leachate contaminants within this zone.

LEACHATE GENERATION

Asa result of a combination of high waste input (more than 18 000 tonnes per month)
and the relatively low effective rainfall at Stangate (about A00 mm per annum), only
small quantities of leachate have been generated to date. Wastes have now been
emplaced to a depth of about 25 - 30 m above the experimental area (December 1983),
at an approximate density of 0.85 tonnes per cubic metre, over an 18-month period.
It has however been possible to obtain samples of leachate from the base of the land-
fill at two locations, and the composition of these is presented in Table 3, where
they are compared with the background hydrochemistry in the aquifer. This had been
defined during the drilling investigation before wastes were deposited. The leachate
samples are typical of high-strength liquors from recently-emplaced wastes, with
high concentrations of organic materials measured as COD, and of ammoniacal nitrogen
and chloride, which have potential to cause unacceptable contamination of nearby
watercourses if allowed to enter these in an uncontrolled manner.

TABLE 3 Background Hydrochemistry at Stangate East Landfill,
and Composition of Leachate Samples Taken in July 1983

(results in mg/1 except pH-value and where stated)

Determinand
Background Range
lower upper

Leachate Composition
sample 1 sample 2

pH-value
conductivity (uS/cm)
temperature ( °C)

COD
TOC
ammoniacal-N
nitrate-N
sulphate
chloride

sodium
magnesium
potassium
calcium
iron

7.1
225
9.0

18

0.05 -
0.1
58
14

14
3.6
2.0
57

0.05 -

8.3
1190
10.9

35

0.37
66
370
46

140
9.9
7.1
205
1.4

5
15
17

33
12

1

.6
500
.6

200
300
920

930
100

690

360

5
14
19

26
10

.7
500
.3

800
900
540

950
950

520

280

MIGRATION OF LEACHATE CONSTITUENTS

Migration Rate

Little migration of leachate into the silt/hassock unsaturated zone occurred during
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the first three months following emplacement of wastes, to September 1982. However,
by September 1983 changes in the composition of interstitial waters extracted from
the unsaturated zone were noted at each of the four sites where instruments have
been installed. The rate at which leachate contaminants have apparently migrated has
varied significantly from one site to another. It is intended that a drilling
programme which is currently being planned will clarify and explain the reasons for
these large differences in flow rates, by obtaining samples of strata and water from
the unsaturated zone. Results are presented in Figure 4 for concentrations of
chloride, fatty acids, ammonia and COD value at various depths at sites 1 and 4.
Site 1 represents a region where leachate constituents have been detected only at
shallow depth, whereas at site 4 changes have been noted in samples from depths to
5.0 m below the hassock surface.

Site _U_ No changes in composition were detected at a depth of 0.7 m at site 1 until
June 1983, 12 months after emplacement of wastes. After this time COD values of up
to 6 200 mg/1, concentrations of chloride up to 290 mg/1, and of fatty acids up to
1 700 mg/1 (as C) were detected at this depth. These organic acids are very soluble,
and typically represent more than 80 per cent of the COD in samples of leachate from
wastes in early stages of decomposition. No ammoniacal nitrogen has been detected
in any samples from site 1, and no contamination of water samples has been observed
at depths greater than 1.5 m (December 1983),

Site 4. Contaminants have apparently migrated through the unsaturated zone more
rapidly at site 4. As at site 1, no contamination was observed until June 1983, but
by September 1983 high concentrations of COD, fatty acids and chloride had moved to
a depth of 5.0 m. No changes had been observed in samples from the saturated zone.
Despite this high rate of movement of organic compounds derived from leachate, no
ammoniacal nitrogen has been detected in any sample from any depth. This indicates
a high degree of selective attenuation to remove the high concentrations of ammonia
initially present in leachate (Table 2). This attenuation has probably resulted
from the high cation exchange capacity of the hassock/silt mixture.

Leachate Attenuation

Figure 5 contains results for the migration of chloride, ammonia, COD, sulphate and
iron at site 3, shown as profiles of concentration for September 1982, March 1983
and September 1983. At this site leachate contaminants had migrated to a maximum
depth of 3.0 m by September 1983. These data clearly indicate processes which are
acting to attenuate leachate contaminants as they percolate through the unsaturated
zone. They have been selected as typical of changes which have been noted at the
other sites, but it is emphasised that the rate at which migration has occurred at
each site has shown wide variation.

Chloride. The migration rate of chloride can be taken to indicate the water seepage
velocity, as reductions in chloride concentration are a function of dilution only,
since the ionic species is not attenuated by other processes within the strata. At
site 3 in September 1983, chloride concentrations of about 800 mg/1 were determined
at depths of 0.7 and 1.5 m and 500 mg/1 at 3.0 m; at greater depths concentrations
were at background values of from 30-50 mg/1. The high rate of waste input and low
effective rainfall at Stangate make it unlikely that the potential absorptive
capacity of the refuse has been fully utilised, and the small quantities of leachate
which have been produced are probably either the result of short-circuiting of
liquors between wastes, or due to 'squeezing' of wastes at lower levels as large
amounts of waste were rapidly emplaced and compacted above these layers. This may
account to some extent for the variation in leachate migration rates at each site.

Ammonia. At site 3 concentrations of ammoniacal nitrogen of up to 10 mg/1 have been
measured at a depth of 0.7 m (Figure 5), no doubt partly reflecting the stronger
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leachate at this site. However, as at all other sites, the mobility of ammonia is
much reduced by the high cation exchange capacity of the silt/hassock layer. Nitrate
and nitrite have not been detected, and will not be formed in the anaerobic strata.
Continued monitoring will allow any subsequent elution and movement of ammonia to
be detected.

Iron. Concentrations of iron from 800 to 950 mg/1 have been found in samples from
depths of up to 3.0 m in the hassock at site 3, indicating the reduction of iron
oxides, and are inversely related to sulphate concentrations at all sites, probably
as a result of the precipitation of reduced iron as iron sulphide. This has been
observed by other researchers (Williams et al, 1983), and it has been suggested by
Hoeks (1977) that early mobility of iron beneath landfills is assisted by formation
of complexes with fatty acids in leachate ( especially isobutyric, isovaleric and
valeric acids), and that as these acids are degraded either in the unsaturated or
saturated zones the mobility of iron may be reduced. Further monitoring will
indicate whether this occurs. Behaviour of manganese was similar to that of iron,
but no movement of either chromium or zinc was detected.

Chemical Oxygen Demand. This indicates the total quantity of organic materials in
samples of leachate as they percolate through the unsaturated zone. In samples
obtained from site 3, results indicate that more than 90 per cent of the COD value
of contaminated samples is due to fatty acids, which appear to be moving through
the strata with minimal attenuation at this site (Figure 5).

One conclusion of research work carried out by the UK Department of the Environment
into the Behaviour of Hazardous Wastes in Landfill Sites (Anon, 1978) was that the
presence of an unsaturated zone beneath a landfill provides opportunities for
attenuation of organic constituents in leachate by biochemical processes.
Differences in the rate at which this occurred at different landfills that were
investigated were attributed to varying capacities for re-oxygenation of the
unsaturated zone. This was thought to occur via the capillary fringe above the water
table rather than by gas exchange with the atmosphere. Results described earlier
for the composition of gas within the unsaturated zone have shown how at Stangate
anaerobic conditions were rapidly established as a result of migration of landfill
gases in advance of the leachate front. It seems unlikely that oxygen levels will
be replenished in the unsaturated zone at Stangate for many years, and therefore any
attenuation of volatile acids which may occur would be as a result of anaerobic
biological processes. It has been shown (Sykes et al, 1982) that adsorption is an
insignificant mechanism for organic removal.

Volatile acids are used as a substrate by methane fermentation bacteria, and it is
possible that these may become established within the unsaturated zone. Work by
Hoeks and Borst (1982) has demonstrated that removal of these acids in soils by
this mechanism can be effective, especially in soils which have high buffering
capacity, and that the maximum concentration of volatile acids for efficient
conversion to methane is of the order of 2 600 mg/1 (as C). Concentrations of acids
as high as those found at present in upper levels at site 3 (to 9 000 mg/1 as C)
were found to impede methane fermentation in all soils which these authors tested.

However, results from site 2 (see Table 4) contrast with those from site 3.
Concentrations of total volatile acids are lower (maximum 4 831 mg/1 as C), and the
ratio of acids to chloride concentration has reduced substantially over the period
from March to December 1983. This indicates significant biodegradation of organic
constituents of leachate at this location, and suggests that methane fermentation
processes are active in at least some regions of the unsaturated zone at Stangate.
Similar processes may be indicated by the reduction in the ratio of volatile acids
to chloride concentration observed at Site 1 (see Figure 4) between June and
December 1983.
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TABLE 4 Concentrations*of Total Volatile Acids (TVA as C), Chloride, and
Ratio of

* In mg/1

Depth

0.7 m

1.5 m

4.75 m

TVA/Cl,at Various Depths

•

Parameter

TVA
Chloride
TVA/Cl"

TVA
chloride
TVA/C1-

TVA
chloride
TVA/C1-

Mar 1983

1 042
270

3.86

4 831.
530
9.12

4 287
470
9.12

at Site 2.

June 1983

1 322
460
2.87

1 714
225
7.62

3 145
390

8.06

March to December 1983

Sept 1983

444
395
1.12

1 022
185

5.52

1 749
250
7.00

Dec 1983

10
390

0.03

635
155

4.10

705
145

4.86

Results from all sites suggest that the migration of contaminants in leachate which
has occurred to date largely took place towards the end of the period of winter
recharge in the spring of 1983. Unlike the removal of ammoniacal nitrogen, which
probably resulted from cation exchange processes during percolation of leachate,
attenuation of organic components such as fatty acids has taken place gradually
following this, presumably as anaerobic micro-organisms have slowly become
established within the strata. Results to be obtained during coming months will
indicate whether micro-organisms can become established in regions such as site 3,
where higher concentrations of volatile fatty acids have initially moved into the
unsaturated zone.

SUMMARY

Installation of instruments and sampling devices in the unsaturated zone beneath
Stangate East Landfill has enabled the effects of waste disposal on this zone to be
closely monitored from day one in the life of the site. Major conclusions from
results to date are that the unsaturated zone rapidly became anaerobic as a result
of migration of landfill gases through it, well in advance of any leachate front.
The high buffering capacity of the hassock/silt mixture has prevented reduction in
pH-values, and the appearance of high concentrations of ammonia found elsewhere in
leachates at the base of this landfill has not occurred, probably as a result of
cation exchange processes. Migration of other leachate constituents has occurred
however, with raised concentrations of chloride and organic constituents detected
after 15 months at the four locations which have been instrumented. However the
rate of migration has varied significantly between individual sites, which may
reflect variations in the permeability of the hassock/silt layer, or the localised
channeling of moisture through wastes so bypassing the large absorptive capacity
afforded by the mass of refuse. Production of leachate as a result of 'squeezing'
of deeper wastes might also have produced localised effects.

Consideration of the total volatile acids to chloride ratio indicates that methane
fermentation processes are active at least in some regions of the unsaturated zone
at Stangate, but that their efficiency may suffer from the combined effects of
direct toxicity of high concentrations of fatty acids, and relatively low
temperatures (less than 20°C), Toxicity resulting from reduction in pH-values is
unlikely to be important as a result of the high buffering capacity of the hassock.
Continued regular monitoring of these parameters may allow this form of attenuation
to be confirmed by further reductions in the fatty acids to chloride ratio. It will
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however be impossible to differentiate the production of methane that occurs within
the unsaturated zone from gas that migrates from within the landfill.

Biological degradation of organic contaminants is likely to be more rapid in the
saturated zone. A significant benefit of the unsaturated zone will be in controlling
the seepage of leachate into the saturated zone, such that the residual contaminant
load is balanced by the continuous supply of oxygen in the groundwater underflow.

Previous research has made no attempt to apply results of investigations in detail
to landfill practices (Anon, 1978); it is only by means of investigations such as
this that future landfill sites will be able to be designed to the high standard
which environmental pressures demand. In addition, unsaturated zone monitoring
beneath landfills may be able to provide earlier warning of environmental impact
than that realised by conventional groundwater monitoring from boreholes around
landfills.

Regular monitoring of both the unsaturated and saturated zones at Stangate will
continue for several years, and may be supplemented by drilling investigations to
augment the fund of useful data.
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ACTIVATED SLUDGES

A. R. Pitman

City Health Department Laboratories, P.O. Box 1477, Johannesburg 2000,
South Africa

ABSTRACT

This paper surveys the settling properties of activated sludges from four biologi-
cal nutrient removal plants. Empirically derived constants used in the settling
flux theory are correlated with more traditional measures of settling properties
such as the SVI. An easy method of using the settling flux approach to clarifier
design and operation is presented and a new parameter describing the settling
properties of sludges is proposed. Typical values of constants describing the
settling properties of nutrient removal sludges are presented. It was found that
the factor most influencing sludge settling properties was the degree of aeration
in these plants.

KEYWORDS

Activated sludge, biological nutrient removal, sludge settling properties, solid
flux theory.

INTRODUCTION

The successful operation of the activated sludge process is greatly dependent on
final clarifier performance. These must consistently produce an effluent low in
suspended solids content and a thickened underflow for recycle to the process in-
let. Effluents low in suspended solids content are necessary in biological
nutrient removal activated sludge processes where suspended solids can contribute
relatively large amounts of nitrogen and phosphorus to the final effluent. Final
clarifier performance is related to activated sludge settling properties and these
in turn are usually affected by operating conditions in the biological reactor.
This is particularly so in biological nutrient removal processes where environ-
mental conditions in the main reactor are sometimes not conducive to the growth
of an activated sludge with good settling properties.

The flux theory, which considers the solids load on clarifiers, provides a useful
rational approach to the design and operation of final clarifiers. Its accept-
ance in the sanitary engineering field has gained momentum in recent years.
This approach requires knowledge of experimentally derived constants which de-
scribe sludge settling properties, but often the work required to obtain such
data is quite considerable. Thus plant operators and designers usually have to be
content with a routinely measured SVI value which, as welTas being limited in
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its description of sludge settling properties, cannot readily be used in the
solids flux theory approach. This problem has been somewhat solved by White
(1975; 1976) who, using his stirred specific volume index (SSVI3 >s)> developed
nomographs describing the operation of final clarifiers based on the flux theory
approach.

The poor sludge settling properties encountered in some biological nutrient remo-
val plants (Pitman, Venter and Nicholls 1983) and the rapidity with which these
properties can change in response to different operating conditions emphasizes
the need for an increased awareness of how these sludges perform in full-scale
clarifiers. In addition, techniques ire required for the quick assessment of
settling parameters, particularly the constants required in the very useful
solids flux approach to clarifier design and operation.

This paper will review settling data obtained on sludges from four nutrient remov-
al plants in Johannesburg, will derive typical flux theory constants for use in
the design and operation and propose easy and quick methods for the future assess-
ment of settling properties.

PLANT DESCRIPTIONS

A]exaridr^
This plant is a 27 M£/d extended aeration plant treating unsettled sewage via
surface aerators in an aeration basin split into two series compartments. During
this study operating sludge ages were in the range 20 - 30 days and considerable
denitrification and at times biological phosphorus removal wereobtained by switch-
ing off aerators at the inlet end of the aeration tank (Nicholls, 1975). Final
clarifiers are 4 m deep scraped conical bottomed units with a central baffled
mixed liquor inlet near the surface.

Olifantsvlei
Extended aeration plant with a design capacity of 80 M£/d split into four parallel
modules. Each module has a series of four aeration compartments with a feed of un-
settled sewage. Sludge ages in the range 20 - 30 days and good nutrient removal
was obtained by not operating surface aerators at the inlet end of aeration zones
(Venter, Halliday and Pitman" 1978). Final clarifiers are similar to Alexandra.

Goudkoppjes
TnTs iVa"~150 Ml/d Phoredox/Bardenpho plant treating settled sewage in three
parallel modules, each split into five zones (anaerobic, primary anoxic, aerobic,
second anoxic and re-aeration ). Successful biological nitrogen and phosphorus
removal was obtained with an important operating feature being the non-operation
of aerators at the beginning and end of the third zone in order to extend the
size of primary and second anoxic areas (Pitman, Venter and Nicholls, 1983).
Final clarifiers are 1,8 m deep, flat bottomed units with suction lift sludge
withdrawal. Central mixed liquor inlets are well below the water surface.

Northern Works
THe layout of~the plant is very similar to Goudkoppies. 150 M£/d of settled sew-
age can be treated in three five-stage Phoredox/Bardenpho modules and the 3,5 m
deep final clarifiers are flat bottomed with suction lift sludge withdrawal.
Nutrient removal performance was inferior to Goudkoppies with good N and Premoval
only being possible when the feed strength was boosted from outside sources
(Pitman, Venter and Nicholls, 1983).

MASS FLUX THEORY

Traditionally the performance of activated sludge settling tanks has been assessed
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on their ability to produce a clarified effluent as well as their capability to
handle the applied solids and thicken them before withdrawal from the bottom of
the tank. Recent work by Laquidara and Keinath (1983) has shown that only the
solids handling and thickening criteria of final clarifiers need to be considered
as the clarification requirement is automatically satisfied when this is done.

Solids flux theory is based on the concept that there is a maximum quantity of
solids that can pass through a clarifier at a given underflow rate without ad-
versely affecting performance. Historical research done by Coe and Clevenger
(1916) and Kynch (1952)provided the basis of the mass flux approach to the thick-
ening of non-flocculant mineral suspensions while Dick (1967; 1970) showed that
this concept can also be applied to flocculant suspensions of activated sludge.
Other important contributions were made by Yoshioka and colleagues (1957) with
their graphical technique and McHarg (1973) who defined the state point concept.
Keinath and co-workers (1977) refined the graphical technique using the settling
flux and the state point concept to obtain a rational approach to the design of
clarifiers.

The mass flux approach requires a knowledge of the change in settling velocity of
the sludge as it increases in solids concentration during thickening in the bot-
tom of a clarifier. Solids flux due to gravity settling is defined as the prod-
uct of the settling velocity and its suspended solids concentration, i.e. :

Gs = VsX (1)

where Gs = solids flux due to gravity settling (kg/nv7h)

V = gravity settling velocity or initial
settling velocity (ISV) (m/h)

X = suspended solids concentration (kg SS/m3)

V, is dependent on X and by conducting a number of batch settling experiments
at different X values, this relationship can be found.

Two alternative mathematical expressions describing the relationship between sett-
ling velocity and suspended solids content have evolved, namely :

v s = v^x""1 (2)

Vs = VQe"nx (3)

where V , V1 , n and n l are constants describing the sludge se t t l i ng characteris-
t i c s . In a detai led study of the app l i cab i l i t y of these equations to sludge
se t t l i ng and c l a r i f i e r design Smollen and Ekama (1983) concluded that Equation (3)
was the most sui table. Subst i tut ing Equation (3) into Equation (1) y ie lds an
equation describing the se t t l i ng f lux :

Gs = XVQe"nX (4)

Using Equation (4) Ekama and co-workers (1983) and Smollen and Ekama (1983)
developed the following equations which represent boundary conditions for
clarifier failure :

Qi = Vo (1 + a) exp {-n(i + s)XQ(1 + a)/(2s)} (5)

A s (1 - a)



496 A.R. PITMAN

o = A - 4s/{n (1 + s) XQ} (6)

Qi = influent wastewater flow to process (m3/h)

A = clarifier surface area (m3)

s = underflow sludge recycle ratio

X - mixed liquor suspended solids concentration in
o reactor (kg/m3

Equation (5) describes the relationships between clarifier upward velocity and
sludge recyle ratio for selected values of Xo and settling characteristics to
satisfy the thickening criteria, i.e. it defines the thickening criterion boundary
condition. As can be seen from Equation (5) for any given values of Xo> Vo and
n, Qi/A tends to increase as s is increased. This represents the common principle
of increasing sludge underflow rates to avoid clarifier failures. However, there
is also a critical recycle ratio sc above which further increases in recycle rate
will not prevent clarifier failures at high Qi/A values.

The following equation describes the boundary condition for the solids handling
capacity criterion : Q./A = Voe_nXo

This equation describes the boundary for s values above the value of sc and under
these conditions clarifier failure occurs whenever the clarifier upward velocity
exceeds the initial settling velocity of the mixed liquor solids in the main
reactor.

Transition points between the conditions described in Equations (5) and (7) are
defined by : Qi/A = V0/e*Sc (8)

while sc is given by :

sc = Xo
4/n - Xo (9)

Equation (9) has also been used by Wilson (1983) to describe the minimum recycle
ratio required to prevent clarifier overloading when the upward velocity is equal
to the settling velocity of the mixed liquor suspended solids in the aeration tank.

Equations (7) and (9) are useful in clarifier design as (7) can be used to provide
the clarifier surface area and (9) the maximum capacity of the recycle pumps.

Using Equations (5), (7) and (8), Ekama and co-workers (1983) and Smollen and
Ekama (1983) developed a useful design and operating chart for final clarifiers
an example of which is shown in Fig 1.

This figure was obtained using Vo = 7,1 m/h and n = 0,34 (Equation 3) and
Equations (5) and (7). The horizontal lines were produced by Equation (7) and
the curves on the lefthand side of the chart by Equation (5). Thus, for any
specific aeration tanks solids concentration Xo, settling tank failure conditions
are represented by points above the Q-j/A versus s curve.

Similar procedures have been developed by Riddel!, Lee and Wilson (1983) using
Equation (3) and by Wilson and Lee (1982) using Equation (2).

The solids flux approach to the design and operation of activated sludge final
clarifiers has, by various graphical and mathematical techniques, been developed
to a stage where it can be of great benefit to personnel working in this field.
Knowledge of the settling properties of the sludge, in particular the factors VQ
and n provides the key to this useful procedure.
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Upward

Velocity

Qi

(m/h) 5,00
6.00
7,00

0,40 1 ,600,80 1,20

Recycle Ratio c
Typical design and operating graph for activated
sludge final clarifiers

2,00

Fig 1

MEASUREMENT OF SETTLING PROPERTIES

During the more than six years, operation of nutrient removal plants in Johannes-
burg, activated sludge settling properties were measured using the following
parameters :

Initial settling velocities (ISV) of sludges having suspended solids in the range
1 q/l to 14 g/£ were measured using a 2 m long 150 mm diameter perspex tube fitted
with a 1 rpm stirrer (Pitman, 1980). For each set of data at least five ISV
results were obtained over a range of suspended solids concentrations. Despite
its limitations the SVI value was determined using the traditional method, while
the SSVIjjs was measured using the procedure of White (1975). ISV versus sus-
pended solids data was plotted on log-linear paper and the constants Vq and n
in Equation (3) were calculated using exponential curve fit software and a desk-
top calculator.

Excellent correlations were found with r2 values never qoinq below 0,90
150 sets of data were obtained in this manner.

Over

RESULTS OBTAINED AND DISCUSSION

Settling data obtained on sludges from the four works mentioned earlier are shown
in Table 1 . Average settling properties for each works are presented as well
as results obtained on the best and worst settling sludges. The Olifantsvlei
and Alexandra extended aeration sludges exhibited better settling properties than
the Northern Works or Goudkoppies sludges with the latter plant showing the worst
results. Also, settling properties on most of the plants showed a fairly wide
variation. During the processing of the data, it was noticed that in general,
VQ increased and n decreased as settling properties improved and vice versa.
Log-linear plots of Vo and n versus SSVI and SVI (Figs 2 and 3) tended to
confirm this statement but correlation coefficients (r2 values) were rather low.
When the ratio V0/n was plotted, good correlations were obtained as shown in
Fig 4 . The correlation between V0/n and SSVI was better than between V0/n
and SVI, possibly indicating the inadequacies of the SVI as a measure of settling
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TABLE 1 : SETTLING PROPERTIES OF ACTIVATED SLUDGES FROM

Olifantsvlei Mean
Std Dev
Best
result
Worst
result

Alexandra Mean
Std Dev
Best
result
Worst
result

Goudkoppies Mean
Std Dev
Best
result
Worst
result

Northern Works Mean
Std Dev
Best
result
Worst
result

FOUR JOHANNESBURG

VO
(m/h)

9,24
1,49

11,89

7,47
8,56
2,24

13,57

6,74
6,50
1,79

9,84

7,15
7,81
1,17

9,49

7,44

n

(m3/kg)

0,30
0,04

0,26

0,36
0,31
0,03

0,31

0,35
0,44
0,09

0,31

0,85
0,33
0,06

0,27

0,47

PLANTS

r2

0,944
0,024

0,933

0,965
0,967
0,017

0,989

0,994
0,967
0,026

0,975

0,966
0,986
0,010

0,980

0,990

V 0 /n
(kg/m2/h)

30,80

45,73

20,75
27,61
_

43,77

19,26
14,77
_

31,74

8,41
23,67
-

35,15

15,83

SVI
(ntf/g)

70
17

45

140
80
15

45

170
240
80

70

380
120
36

65

230

SSVI

(m*/g)

50
11

35

75
55
15

35

80
100
29

55

140
70
18

40

95

Number of
results

7

8

83

46

10

5 -

100 200 300 400 500

SVI

50 100 150 200

SSVI3.5

Fig 2 : Relationships between Vo and SSVI and Vo and SVI
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0,7 '

0 , 5 •

0 , 4 •

0 , 3 • Ss<*?• •
" • r2 = 0,625

50 100 150 200
SSVI3f5

100 200 300 400 500

SVI

Fig 3 : Relationship between n and SSVI and n and SVI

500

Fig 4 : Relationships between V n and SSVI and
 V ° / n and SVI

It was proposed to use the ratio Vq/n as a measure of sludge settling properties
with high values (30 - 40) indicating a good settling sludge and low values (10 -
15) a poor settling sludge.

Use of this new parameter which is given the symbol Vn obviated the problem of
having two factors to describe the settling properties of a sludge. Vn values
for the four plants tested are also shown in Table 1 .

By using Figs 2 to 4 one can derive the settling properties of most activated
sludges with the minimum of experimental work. Recommended procedures for ob-
taining of Vn, Vo and n are described below :

(a) measure the SVI or SSVI of the sludge in question,
read off the values of n and V0/n .
obtained.

From Figs 3 and 4
Calculate Vo from the results

(b) measure the SVI or SSVI. Read off the value of Vn from Fig 4 . Assume
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n is constant at say n = 0,4 . Calculate a value of Vo from these
results.

(c) Measure the ISV of a mixed liquor sample and its suspended solids concen-
tration. Take n = 0,4 and from Equation (3 ) calculate a value of Vo.
(This is similar to the procedure proposed by Kerdachi and Roberts, 1983.)
Using this Vo value and n = 0,4 calculate Vn = V0/n. Using the Vn
value estimate the SVI of the sludge from Fig 4 . Using this SVI value
obtain a better estimate of n from Fig 3 . Recalculate a value of Vo
from the derived Vn and the second estimate of n .

(d) Measure the ISV of the mixed liauor and its SVI. With the SVI value esti-
mate n from Fig 3 . Using this n value, the measured values of ISV and
Xo calculate a value of Vo from Equation (3 ).

Table 2 shows values of Vo and n for sludges having various SVI ranges which were
derived using procedure (a) above while Table 3 shows corresponding values derived
via procedure (b). Similar though less extensive results have been presented by
Forster (1982).

As can be seen in Table 1 the settling properties of nutrient removal activated
sludges from the four plants showed a fair degree of variability (not unlike many
other conventional activated sludge processes). Throughout the operation of these
plants it was obvious that the factor having the greatest effect on sludge settle-
ability was the degree of aeration of the mixed liquor. For example, if the
dissolved oxygen (DO) concentrations in aerobic zones were allowed to drop too
low (i.e. below 1 mg/£), settling properties deteriorated due to the prolifer-
ation of filamentous growths. Also, when the unaerated fraction of the process
became too large ( >50 %) settling properties deteriorated.

At Alexandra and Olifantsvlei settling properties were in general good (as shown
in Table 1).

TABLE 2 : TYPICAL VALUES_OF SETTLING CONSTANTS FOR VARIOUS
"RANGES''OF SVI AND~SSyi775

SVI RANGE SSVI3,5 V n Vn
Range
m£/g

< 50
50-100
100-150
150-200
200-250

35-50
50-65
65-75
75-85
85-95

10,50
8,06
7,82
7,03
6,40

0,30
0,31
0,34
0,37
0,40

35,0
26,0
23,0
19,0
16,0

250-300 95-110 5,63 0,44 12,8
300-350 110-120 5,09 0,48 10,6
350-400 120-150 4,47 0,52 8,6
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TABLE 3 : TYPICAL VALUES OF SETTLING PROPERTY CONSTANTS
FOR VARIOUS RANGES
(with

SVI Range

ml/g

< 50
50-100
100-150
150-200
200-250
250-300
300-350
350-400

n constant at

SSVI3,5
Range

m£/g

35-50
50-65
65-75
75-85
85-95
95-110
110-120
120-150

OF SVI AND
n = 0,4)

Vo

14,00
10,40
9,20
7,60
6,40
5,12
4,24
3,44

SSVI3)5

n

0,4
0,4
0,4
0,4
0,4
0,4
0,4
0,4

Vn

35,
26,
23,
19,
16,
12,
10,
8,

,0
0
0
0
0
8
6
6

This was because the unaerated fraction of the aeration tanks was never above 35 %
and mean DO levels could usually be maintained above 1 mg/£. On rare occasions
poor settling properties (Vn <20) were encountered on these two plants when too
many aerators at the inlet of the aeration tank were switched off in order to en-
courage biological phosphorus removal.

The worst settling sludges due to excessive filamentous growths were encountered
for most of the working"life of the Goudkoppies plant. This plant was operated
with two or more aerators switched off at the beginning and/or end of the main
aerobic zone. This increased the unaerated fraction of the mixed liquor to above
50 % and prejudiced the ability to maintain high average D 0 concentrations
( >1,0 mg/l) in the aerobic zone. This operating procedure proved necessary to
maintain good nutrient removal and save power but tended to favour the growth of
poor settling sludges. Once filamentous growths had predominated in the plant
they proved very difficult to eradicate. Only sustained excess aeration for more
than 4 sludge ages could increase Vn values from below 15 to above 25 . Unfortu-
nately, this excess aeration meant the loss of good nutrient removal, indicating
a possible conflict of interests between operation for good nutrient removal and
operation for good sludge sedimentation. Settling properties at Northern Works
also tended to follow aeration levels but proved to be more controllable with Vn
values responding readily to increases in oxygen inputs. An unfortunate conse-
quence of high oxygen inputs was the usual loss of good phosphorus removal.

The general impression gained with these plants is that nutrient removal activated
sludge processes run the risk of producing sludges with inferior settling proper-
ties. This could be overcome if the unaerated fraction of the MLSS were not
allowed to increase above 50 % of the total reactor volume and mean DO levels in
aerobic zones were kept above 1,0 mg/£. Operating experience on these plants
also indicated that if the aerobic sludge age and aerobic zone DO levels were such
as to maintain effluent ammonia levels below 1,0 mg U/l at all times (i.e. complete
nitrification), the risk of excessive filamentous growths could be minimised. It
should also be remembered that the four plants in question were all designed before
1975 so that more modern designs might simultaneously achieve both the objectives
of good nutrient removal and good settling sludges.

Therefore experience with this process in Johannesburg leads one to propose that a
reasonable design value of Vn would be 15 which gives Vo = 6,4 and n = 0,4 .
Figure 5 shows a design and operating graph for this type of sludge.
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Sludge Settling Characteristics - o/n = 16
Xo

Upward
Velocity
QL

(m/h)

2,80

2,40

2,00

1,60

1,20

0,80

0,60

0

. /

I '
• *

3,00

4,00

5,00

0 °'40 °'80 1,20 1,60 2,00

Recycle Ratio s

Fig 5 : Design and operating graph for settling of nutrient
removal activated sludges

Using the data presented in this paper a series of reference diagrams similar to
Fig 5 can be drawn for various Vn values ranging from say, 10 to 35 . The oper-
ator then merely has to measure an SVI value (or the designer assumes an SVI
value), ascertain the relevant Vn value from Fig 4 and select the appropriate ref-
erence diagram from the prepared set. This would provide an easy and quick
method of gaining access to the solids flux approach to clarifier operation.

EFFECT OF CLARIFIER TYPE

During the operation of these four plants it was noticed that the type of clarifier
in use Often influenced performance. For example, the conical bottom scraped
clarifiers could be operated satisfactorily at solids loading rates closer to
predicted flux failure conditions than the flat bottomed suction lift clarifiers,
which tended to pass excessive solids (i.e. above 25 mg/£) at loading rates well
below critical conditions. This was due to poor inlet conditions and short-
circuiting (Davis and Pitman, 1980). In addition, the suction clarifiers could
not be operated at low underflow rates due to the inability to pass return sludge
flows with high suspended solids concentrations (i.e. above 12 000 tag/1).

Consequently, in seeking the optimum clarifiers for this process, the following
recommendations are offered :

clarifiers should be designed using the solids flux theory with a
suggested Vn value of 16 .

conical bottom scraped clarifiers should be used .

clarifiers should have at least 4 m side water depth.

CONCLUSIONS

Based on settling tests carried out on four biological nutrient removal activated
sludge plants in Johannesburg the following conclusion can be made :



Settling of nutrient removal activated sludges 503

Activated sludge settling properties showed a fair degree of varia-
bility with the two extended aeration plants exhibiting superior
settling properties in comparison to the two Phoredox/Bardenpho units.
The Goudkoppies sludge had poor settling properties due to the pre-
sence of excessive filamentous growths.

Settling properties could be correlated well with the degree of
aeration of the activated sludge. Plants operated with an aerobic
sludge age greater than 50 % of the total sludge age and with
aerobic zone dissolved oxygen levels above 1,0 mg/£ tended to produce
better settling sludges.

In the Vesiland equation V = Voe~"X which describes the relationship
between initial settling velocity and suspended solids content the
ratio V0/n is a very good indicator of sludge settleabil ity, correl-
ating well with other parameters describing sludge settleability.

A proposed design value of VQ/n for nutrient removal plants is 16
which gives VQ = 6,4 and n = 0,4.

A procedure has been developed to assess rapidly the Vo and n values
of a sludge with the minimum of experimental input data. Using this
approach, plant operators need only measure an SVI value to give them
access to the solids flux approach to final clarifier operation.
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ABSTRACT

Variations in response of three different sludges to conditioning with organic
polyelectrolytes were evaluated with respect to the carbohydrate, protein and
lipid content of the sludges. These biochemicals comprise the surfaces of most
sludges. The difference in the concentration of these compounds is intrinsic to
the sludge type. Polymer Index (PI), a measure of minimum polymer dose required
to achieve maximum dewaterability, was statistically related to each of the three
components. Carbohydrate content correlated most strongly with PI. As carbohy-
drate content increases, PI was found to decrease indicating better polymer per-
formance. Eiopolymers, which are composed mainly of carbohydrates may surround
the cells forming a highly reactive surface. These exocellular materials also
promote bioflocculation. Both actions result in a lower polymer requirement for
destabilizing the sludge. Protein and lipid were not observed to have strong
correlation with PI. Cellular surfaces and structures are composed of these
components. The low correlation indicates these components are less favored than
carbohydrates for polymer interaction.

KEYWORDS

Sludge, conditioning, carbohydrate, protein, lipid, polymers.

INTRODUCTION

Solids removed in wastewater renovation are difficult to dewater. Conditioning
these sludges with organic polyelectrolytes improves their dewaterability.
Moreover, both conditioning and dewatering processes are influenced by numerous
sludge properties. The cause of these effects has been established for dewater-
ability but is not well known for conditioning.

Sludge properties and process control variables which influence dewatering
characteristics have been reported in the literature. Changes in dewaterability
often are evidence of sludge particle size alteration which results from changes
in the process variables. Karr (1976) found that the effects of mixing,
conditioning, pH, sludge type and storage time could be explained in terms of

505



506 P.T. BOWEN and T.M. KEINATH

the alteration of particle size distribution. He also found that Supracolloidal
particles (1 to 100 ym) exerted the greatest influence on dewaterability. Accord-
ingly, a fundamental sludge property can now be used to explain the influence of
other parameters on the dewatering process. Sludge properties which influence
conditioning have been investigated in numerous studies. Examinations of biochem-
ical factors influencing floe surface characteristics have been conducted.
McGregor and Finn (1969) found that cellular release of proteins, nucleic acids
and polysaccharides influenced the dosage levels required to achieve flocculation
of pure cultures. These released materials possibly coat the cells forming a new
surface which reacts with polymers differently. Various surfactants added to
sludge by Axberg and Eriksson (1979) also were found to increase required dosage
levels. Alteration of the floe surface by these chemicals accounts for this in-
crease. The effect of dissolved anionic biopolymers on conditioning was evaluated
by Novak and Haugen (1979, 1980). Optimum polymer dosage was found to increase
with increasing concentrations of biopolymers present on the cell surface or in
solution. These studies demonstrate the importance of surface biochemical compo-
nents to the conditioning process.

The influence of solids concentration on conditioning has also been analyzed. A
stoichimetric relationship between conditioner dosage and total solids concentra-
tion was developed by Tenney et a±. (1970). The size of solids influencing this
process was narrowed by Roberts and Olsson (1974, 1975a, b). They evaluated opti-
mal polymer dose as a function of colloid concentration and also found it to in-
crease with colloid concentration. Karr's findings (1976) coupled with these re-
sults indicate that particle size distribution also influences conditioning. How-
ever, this parameter has not been investigated with respect to conditioning.

These studies provide insight into the many parameters that influence condition-
ing, however, certain anomalies observed in sludge conditioning remain unex-
plained. This study was designed to investigate sludge conditioning as a function
of particle size distribution and biochemical content. Preliminary analyses re-
vealed that different sludge types required different dosage levels of the same
polymer to achieve maximum dewaterability (Figure 1). Prom statistical analysis,
the concentrations of total fragile-settleable and supracolloidal solids were
shown not to influence the optimum dosage level, termed Polymer Index (Bowen
1983).
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Biochemical properties are different for each sludge type and may influence con-
ditioning. Accordingly, carbohydrate content, protein content, lipid content,
pH, and charge density were evaluated for each sludge in this study. These
properties were statistically evaluated with respect to Polymer Index.

MATERIALS AND METHODS

Three types of sludge were used in this investigation: waste activated sludge,
raw or primary sludge and anaerobically digested waste activated sludge. These
sludges were chosen because they are typical of sludges dewatered in many muni-
cipal wastewater treatment plants. They have different properties and character-
istics and thus enable evaluation of the effects of these factors on the condi-
tioning process. The sludges were collected from two municipal wastewater treat-
ment facilities.

Many different polymeric sludge conditioners are available. To avoid using du-
plicate polymers with different trade names, only polymer manufacturers were
solicited for product samples. Seven companies supplied samples and technical
data for this investigation. Molecular weight and charge density were experi-
mentally determined for each polymer prior to selection. Although cationic,
nonionic and anionic polymers were evaluated and selected, only cationic polymers
were used in this research. The nonionic and anionic polymers produced little or
no change in sludge dewaterability while the cationic polymers altered
dewaterability significantly. Table 1 contains a list of the cationic polymers
used in this study.

TABLE 1. Classifications and Polymer Code Identification

Polymer Molecular Weight Charge Density Polymer
Code Res. Classif. Res. Classif.

Manufacturer

Cl
C2
C3
C4
C5
C6
C7
C8
C9

high
medium
low
high

medium
low
high

medium
low

high
high

medium
low

medium
high

medium
low
low

Percol 757
WT 2640
Betz 1195
Percol 728
Percol 722
Sandolec CS
WT 2575
Carus 11CPR
Sandolec CF

Allied Colloids, Inc.
Calgon Corp.
Betz Laboratories
Allied Colloids, Inc.
Allied Colloids, Inc.
Sandoz Colors & Chem.
Calgon Corp.
Carus Chemical Co.
Sandoz Colors & Chem.

Several analytical procedures were used to determine the various sludge proper-
ties. Protein content was measured using the Biuret test (Gaudy, 1962) . The
phenol-sulfuric acid test, developed by Dubois, ^t a]^. (1956) , provided an assay
for carbohydrates, including heptoses, hexoses, uronic acids and the sugar com-
ponents of nucleic acids. A method wherein lipids associated with biological
materials can be extracted and purified in one operation was used. Bligh and
Dyer (1959) developed this chloroform-methanol-water extraction technique.
Sludge charge density was measured using a colloidal titration procedure
(Kawamura 1966, 1970).

Dewaterability was determined by measuring specific resistance and capillary suc-
tion time. The minimum dosage required to achieve maximum dewaterability was de-
termined from a trace of dewaterability plotted as a function of polymer dosage.
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Due to the fact that an optimum dosage value was difficult to determine because

the dewaterability parameters tended to asymptotically approach a minimum value,

an index was developed to describe optimum dosage and dewaterability. This was

done by fitting a smooth curvilinear trace to the data, as shown by line A in

Figure 2, and drawing a straight line as an asymptote to those data points that

show only slight changes in dewaterability with dose, line B. Polymer Index is

defined as the point at which the asymptote (line B) deviated from the dewater-

ability curve.

Ill

o
z

V
1S

I

</>
111
cc
o
iZ

S
P

E
C

I

E
CM

X
1

0

8

6

4

2

0

i

\

\
\

_

-

Polymer
lnd«y.

DOSAGE, kg/ton

Figure 2. Determination of the Polymer Index for C3 for

Primary Sludge with Specific Resistance Data

A series of experiments was used to develop data for evaluating the influence of

biochemical constituents on sludge conditioning. Each sludge sample was analyzed

to determine lipid, carbohydrate, and protein content, pH, charge density and

particle size distribution. Samples were then conditioned in a series of jar

tests. Dewaterability of the unconditioned and conditioned sludges was measured

and Polymer Index determined. Polymer Index values are given in Table 2. The

higher the index the poorer is the performance of the polymer.

Using the General Linear Models procedures of the Statistical Analysis Systems

(SAS) subroutine (1979), the various biochemical properties of the sludges and

their relationship to dewaterability and Polymer Index were evaluated. The

simple linear model

Y = U + (5X + e, (1)

was used, where

Y = dewaterability, specific resistance CST (m/kg or sec),

U = intercept (m/kg or sec) ,

X = biochemical property (mg/g),

3 = parameter for X (g/mg),

c = error (m/kg or sec).

This model was chosen because it allows evaluation of the influence of an in-

dividual parameter on the dependent variable. During the analysis of Polymer
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Indexes, the low molecular weight polymers (C3, C6, C9) were found to have
Polymer Indexes that were higher than those obtained for other polymers. This
difference resulted in a skewing of the analysis. Consequently, three separate
statistical analyses were conducted. Polymers C3, C6, and C9 were analyzed as
one data set, the remaining polymers as a second data set and a third data set
containing the results for all polymers.

TABLE 2. Polymer Index Values for all Cationic Polymers and Sludge Types

Polymer
Code

Cl
C2
C3
C4
C5
C6
C7
C8
C9

Cl
C2
C3
C4
C5
C6
C7
C8
C9

Sludge Type

Waste Activated Primary
kg/t

3.2
1.9
6.5
3.5
7.5

16.0
3.0
5.2

11.5

**

3.6
2.5
8.3
5.2
5.9
18.5
2.9
3.3
12.0

kg/t
** CST Data **

2.1
1.9
3.8
3.0
2.5

14.2
0.6
2.2
15.4

Specific Resistance Data
1.5
1.8
4.5
2.4
2.2

18.5
1.2
2.5
13.6

Anaerobic Digested
kg/t

3.6
4.9
18.3
5.4
5.2

100.0
3.0
4.5
72.0

**

5,5
3.0
16.0
6.0
5.8

110.0
3.2
6.7
85.0

RESULTS AND DISCUSSION

Dewaterability and Biochemical Properties

The concentration of the biochemical components (carbohydrate, protein, lipid) of
sludge change with sludge type, as shown in Table 3. Charge density and pH also
change for different sludges. These changes are slight compared with the changes
in the protein, lipid, and carbohydrate levels. The variation of these para-
meters with respect to sludge type is due to intrinsic differences in the source
of the sludge.

There were variations in the lipid content of the different sludges. Primary and
anaerobic sludges had similar lipid concentrations which were higher than those
for waste activated sludge. The protein content of the sludges increased from
anaerobic to primary to waste activated sludge. Protein content of the anaerobic
sludge was approximately fifty percent of the protein concentration in the waste
activated sludge. Activated sludge and primary sludge are similar in their
carbohydrate content, with primary sludge being somewhat higher. Anaerobic
sludge had a lower carbohydrate concentration than the other sludges, 25 and 33
percent of the carbohydrate content of primary and waste activated sludges,
respectively.

JVST AMSTERDAM 2-F
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TABLE 3. Average Characteristics for Sludges Conditioned with Cationic Polymers

Measurements Waste Standard Primary Standard Digested Standard
Activated Deviation Deviation Deviation

specific 3.79 2.00 12.9 2.76 42.2 3.98
resistance,
m/kg x 10 Z

CST, sec

protein, mg/g

carbohydrate,
mg/g

lipid, mg/g

charge density,
me/g

pH

43.8*

282,7

221.7

122.1

-66.6

6.55

24.3

52.7

72.6

26,7

23.3

0.21

133.5*
48.0*

168.1

289.0

138.2

-57.6

6.19

54,6

53.5

85.2

8.9

15.0

0.14

316.6**

115.3

70.0

167.7

-66.1

6.83

88.8

20.3

7,9

46.9

17.6

0.17

Note: Specific resistance at 15 inches Hg, T = 21°
All values are averages

* 18 mm cylinder used; ** 10 mm cylinder used

Waste activated sludge had the lowest specific resistance and CST, followed by
primary sludge and then anaerobic sludge which had high values for both
parameters. This pattern was also exhibited by the lipid content of the sludges.
Statistical evaluation of the relationship between dewaterability and biochemical
concentration, Table 4, revealed no correlations for protein, carbohydrate, pH or
charge density. Lipid, however, was strongly correlated with the dewaterability
of the sludge. The lower the lipid content of sludge, the lower was the resis-
tance to dewaterability.

TABLE 4. t-Test Values for Evaluating Dewaterability and Sludge Characteristics

Sludge
Characteristic

Carbohydrate

Protein

Lipid

Charge Density

pH

*Ho is rejected

Dewaterability
Parameter

CST
Specific Resistance

CST
Specific Resistance

CST
Specific Resistance

CST
Specific Resistance

CST
Specific Resistance

if the probability

|t| for Ho:
Characteristic = 0

0.67
0.05

0.23
0.74

3.76
2.76

1.66
0.33

0.30
0.20

t cal. > t tab. > 95%

Probability
|t|cal. > t tab.*

49.3
4.3

18.0
53.4

99.9
98.9

89,0
25.2

23.4
15,9
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Lipids are one of the major components of cellular structures and debris from
these structures has been shown to be a major fraction of supracolloidal solids.
Supraoolloids have been shown (Heukelekian and Balmat, 1959) to contain a large
portion of the "grease" content known as nonsaponifiable matter; i.e., simple
lipids. Free globular lipids also may occur in the supracolloidal size range in
sludge. Because the concentration of supracolloidal solids was shown to
influence dewaterability (Karr, 1976), one would expect lipids to correlate well
with dewaterability.

Polymer Index and Biochemical Properties

An examination of the averages of the various dependent parameters for the
sludges dosed with cationic polymers (Table 3) shows that three biochemical com-
ponents carbohydrate, lipid, and protein, appear to correlate with the Polymer
Index (Table 2). Charge density did not show a statistically valid relationship
with the Polymer Index (Tables 5 and 6) , although one did exist between pH and
Polymer Index. The pll of the sludge influences the degree of ionization of the
biological material as well as the polymer. For pH values associated with waste-
water sludges, the sludge particles exhibit a negative charge. Increases in pH
result in the biological material becoming more negative which would logically
result in higher Polymer Index values.

TABLE 5. t-Test Values for Evaluating Polymer Indexes and Sludge

Sludge
Characteristic

Lipid

Charge Density

PH

Protein

Carbohydrate

Characteristics: CST Data

Polymers

C3,C6,C9
Others**
All

C3,C6,C9
Others
All

C3,C6,C9
Others
All

C3,C6,C9
Others
All

C3,C6,C9
Others
All

|t | for Ho:
Characteristic = 0

2.59
0.65
1.92

0.52
0.07
0.63

1.42
2.44
1.50

2.94
0.50
2.24

2.24
3.90
1.90

Probability
t cal. > |t|tab.*

59.1***
47.0
92.8

37.8
48.5
46.3

78.6
96.7***
84.8

96.8***
37.0
96.1***

92.5
99.8***
92.5

*Ho rejected if probability |t|cal. > |t|tab. > 95%
**0thers = C1,C2,C4,C5,C7,C8 ***Values > 95%

Carbohydrates. Carbohydrate content is approximately the same for the primary
and waste activated sludges and much lower for the digested sludge. Polymer
Index is higher for digested sludge than it is for the primary and waste acti-
vated sludges. The latter two have Polymer Indexes which are very similar. Sta-
tistically, the relationship between carbohydrate content and Polymer Index is
valid at the 95 percent confidence level for the majority of the polymers tested
(Tables 5 and 6) .
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TABLE 6. t-Test Values for Evaluating Polymer Indexes and Sludge

Sludge
Characteristic

Lipid

Charge Density

pH

Protein

Carbohydrate

Characteristics:

Polymers

C3,C6,C9
Others**
All

C3,C6,C9
Others
All

C3,C6,C9
Others
All

C3,C6,C9
Others
All

C3,C6,C9
Others
All

Specific Resistance

t for Ho:
Characteristic = 0

2,41
0.03
0.79

0.45
0.52
0.54

1.50
4.49
1.60

2.95
0,35
2.32

2.11
4.40
1.84

Data

Probability
t cal. > t tab.*

93.9
2.4

90.0

32.7
38.6
40.1

80.5
99.9***
87.2

96.8***
26.5
96.9***

91.2
99.9***
91.6

*Ho rejected if probability |t|cal. > |t|tab. > 95%
**Others = C1,C2,C4,C5,C7,C8 ***Values > 95%

Several reasons can be invoked to explain the variation of carbohydrate content
with sludge type and explain the influence of carbohydrate content on Polymer
Index. One is the nature of aerobic (waste activated sludge) and anaerobic
organisms. Aerobic organisms often produce exocellular polysaccharides in the
form of slimes, capsules, and exocellular biopolymers. The surface of these
materials is highly reactive, serving as good sites for polymer attachment
(Forster 1968, 1971). Anaerobic organisms, conversely, generally do not tend to
have this exocellular material (Bull 1972). Consequently, polymers added to this
type of sludge must react directly with the surface of the sludge particles,
which is less reactive than exocellular polysaccharide surface.

In an aerobic system, bioflocculation occurs as the result of the presence of
some of the biopolymers wherein cells aggregate and form cell masses larger than
the individual cells. Polymers, consequently, can react with large masses of
cells which have small surface area to volume ratios. This phenomenon is not
common in an anaerobic system. For anaerobic sludges, the cells do not aggregate
but remain as individual dispersed cells or in small clusters (Toerian and
Hattingh, 1969) which have large surface area to volume ratios that require more
polymer. As sites of attachment on the polymer are filled by individual cells,
more polymer is needed to destabilize the remainder of the system.

Protein and Lipid. Values for the Polymer Index of the sludges increased with
decreasing protein content. Digested sludge had a low protein content but high
Polymer Indexes. Low Polymer Indexes and high concentrations of protein were
observed for the waste activated sludge. Primary sludge had values for the
Polymer Index and protein concentration at intermediate levels. A statistical
evaluation of the protein and Polymer Index relationship showed it valid at the
95 percent confidence level for two of the data groups (Tables 5 and 6) .
Polymer Index and lipid content also had a statistically valid relationship.
Although waste activated sludge had the lowest lipid content and the lowest
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corresonding Polymer Index, the primary sludge was observed to have similar
values. Anaerobic digested sludge had the highest Polymer Index and the largest
concentration of lipids. The relationship between these parameters is valid at
the 9-5 percent confidence level, (Tables 5 and 6) .

Proteins and lipids combined in various proportions occur on the surface of
microorganisms in many forms. One of the common combinations of these two com-
ponents is cellular membranes. The fluid-mosaic model proposed by Singer and
Nicolson (1972) consists of a liquid-crystalline phosphoglyceride (lipid) bi-
layer. Globular proteins which partially or completely penetrate the membrane
exist within the bilayer. Cell walls are also composed of these constituents.
Cells commonly found in all three sludges have walls composed of parallel
polysaccharide chains cross-linked with peptide chains. Different accessory
components, polypeptides, lipoproteins and lipopolysaccharide, attach to this
structure (Lehninger, 1976). Thus, the surface of the cell is composed of a
matrix of polysaccharide, protein and lipid.

Proteins and lipids also combine to form fibrils, filaments and other cellular
appendages which may be important in the action of polymers. These structures
are known to be an important determinant of particle size distribution, since
some microbial debris found within sludge has been shown to contain fragments of
cilia, flagella and other cellular appendages. The major component of biological
debris, however, is fragments of cell walls and membranes (Dean et_ â l, 1967).

The capsule or slime layer is usually composed of carbohydrates in the form of
exocellular polysaccharides. In some cases, lipid (Forster 1968, 1971) and
protein (Grutsch 1978, Dean 1969, Catlin and Cunningham 1958) components have
been found in this polysaccharide layer. In these cases, the cell surface is
covered by a matrix of protein, lipid and polysaccharide. The surface of this
matrix would be different from the cell surface.

A high protein content is typical of an active biomass and was observed for the
waste activated sludge. As the protein concentration increased, the Polymer
Index decreased. Protein contains numerous molecular groups capable of ioniza-
tion if exposed on the cell surface. Because these groups are sites for polymer
attachment, small amounts of polymer can improve dewatering by bridging between
these numerous sites.

Lipid is resistant to degradation and, as a result, a comparatively high concen-
tration of this compound was found in the digested sludge. This also accounts
for the fact that the lipid content was greater than the protein content.
Consequently, the large amount of cellular debris in this sludge, which results
from the death and decay of cells, is of a lipid structure. As the lipid
concentration increased, the Polymer Index also was found to increase. This is
because the molecular structure of lipids contain fewer reactive groups capable
of ionizing on the cell surface than do proteins. Lipids also may cover protein-
aceous sites and hinder interaction of polymer with them. The result is more
polymer needed to achieve improved conditioning.

Polymer Index varies with protein, carbohydrate, and lipid concentration. All
three compounds relate to the structure and composition of the cell surface. A
relationship between pH and the Polymer Index also exists. The pH influences the
charge on the surface of the particles, the ionization of the polymer, and hence,
the Polymer Index. Cationic polymers and anionic sludge surfaces have opposite
responses to changes in pH. An increase in pH produces more sludge surface
charges and less cationic polymer charges resulting in an increase in Polymer
Index. An optimum pH should exist for sludge surface polymer interaction.
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The biochemicals discussed either comprise the outer-most cell surface, the cap-
sular layer, or they make up the cell wall structure. These constituents contain
many reactive groups that will be exposed on the cell surface. The pH influences
the degree of ionization of these surface groups. Polymers attach to cells via
reaction with surface groups. As a result, the reaction of polymer with sludge
can be thought of as a reaction with the surface components of the cells.

CONCLUSIONS

Carbohydrate, protein and lipid content were found to vary for three different
sludges. These intrinsic variations are responsible for the differences in
response to chemical conditioning as evaluated by Polymer Index.

Polymer Index and carbohydrate have an inverse relationship. High carbohydrate
content may indicate the presence of exocellular biopolymers. This material aids
in bioflocculation, increasing floe size and decreasing the number of floe part-
icles with which the polymer must react to cause destabilization. Consequently,
low polymer dosage requirements would be expected for high carbohydrate sludges.

The relationship between the protein level and the Polymer Index is similar to
the relationship with carbohydrate. As protein content increases, Polymer Index
decreases. These compounds are found in both biopolymers and cellular
structures. Their roles in bioflocculation appear to have more of an influence
on the conditioning process than their function as structural components. Their
molecular structure has groups which can serve as polymer attachment sites. In
this respect proteins are similar in effect to carbohydrates.

An inverse relationship between lipid and Polymer Index exists. Although some
biopolymers contain this compound, lipid is primarily a structural component.
High lipid concentrations, either as colloidal lipid or as a cellular structure,
increase the dosage of polymer needed to achieve maximum dewaterability. Lipid
may cover proteinaceous sites, preventing polymer-site interaction. Because lipid
molecules do not contain groups capable of ionizing to serve as polymer attachment
sites, their presence increases Polymer Index.

The presence of biopolymers and resulting bioflocculation aid the conditioning
process. A highly reactive surface is available for polymer attachment and fewer
floe must be destabilized. Without exocellular polymers, the cellular surface
does not offer favorable attachment sites. Chemical conditions must also de-
stabilize smaller more numerous floes.

REFERENCES

Axberg, C. and Eriksson, L. (1979). The Influence of Pollutants on Dewatering of
Biological and Chemical Sludges using Polyelectrolytes. Presented at European
Symposium on Characterization, Treatment and Use of Sewage Sludge. Cardarche,
France. February 13-15.

Bowen, Paul T, and Keinath, Thomas M. (1983). Sludge Conditioning and Particle
Size Distribution. Proc. ASCE Nat'l. Conf. Envir. Eng., 391-398.

Eligh, E.G. and Dyer, W.J. (1959). A Rapid Method of Total Lipid Extraction
and Purification. Cand. J. Biochem. Physiol., 37 (8), 911-917.

Bull, A.T. (1972). Environmental Factors Influencing the Synthesis and Excretion
of Exocellular Macromolecules. J. Appl. Chem. Biotechnol., 22, 261-292.

Catlin, B.W. and Cunningham, L.S. (1958). Studies of Extracellular and
Intracellular Bacterial Deoxyribonucleic Acids. J. Gen. Microbiol., 19,
522-532.

Dean, R.B., Claesson, S., Gellersledt, N. and Bowman, N. (1967), An Electron
Microscope Study of Colloids in Wastewater. Envir. Sci. and Tech., 1 (2),



Sludge conditioning 515

147-150.
Dean, R.B. (1969). Colloids Complicate Treatment Processes. Envir. Sci. and

Tech. , _3 (9) , 820-824.
Dubois, M., Gilles, K.A., Hamilton, J.K., Revers, P.A. and Smith, F. (1956),

Colorimetric Method for Determination of Sugars and Related Substances.
Analytical Chemistry., 28, 350-353.

Forster, C.E'. (1968). The Surface of Activated Sludge Particles in Relation to
Their Settling Characteristics. Water Res. , 2_, 767-776.

Forster, C.F. (1971). Activated Sludge Surfaces in Relation to the Sludge Volume
Index. Water Res. , _5, 861-870.

Gaudy, A.F., Jr. (1962). Colorimetric Determination of Protein and
Carbohydrate. Indus. Water and Wastes, January-February, 17-22

Grutsch, J.F. (1978) . Wastewater Treatment: The Electrical Connection. Envir.
Sci. and Tech., 12 (9), 1022-1027.

Heukelekian, II. and Balmat, J.L. (1959) , Chemical Composition of Particulate
Fractions of Domestic Sewage. Sew, and Ind. Wastes, 31 (4), 413-425

Karr, P.R. (1976) Factors Influencing the Dewatering Characteristics of Sludge.
Ph.D. Dissertation, Clemson University, Clemson, S.C.

Kawamura, S. (1970). Special Considerations on Colloid Titrations. Personal

Notes, Received via personal communication, December 1930.
Kawamura, S. and Hanna, G.P., Jr. (1966). Coagulant Dosage Control by Colloid

Titration Technique, Proc. 21st Ind. Wastes Conf., Purdue University.
381-402.

Lehninger, Al. (1975). Sugars, Storage Polysaccharides, and Cell Walls; and
Lipids, Lipoproteins, and Membranes. In: Biochemistry, 2nd. Ed. Worth
Publishers, Inc., New York, New York. pp. 249-308.

McGregor, W.C. and Finn, R.K. (1969). Factors Affecting the Flocculation of
Bacteria by chemical Additives. Biotech. Bioeng., 11, 127-138.

Novak, J.T. and Haugan, B.E. (1979). Chemical Conditioning of Activated Sludge.
J. Env. Eng. Div. , Am. 5oc. Civ. Eng., EE _105_ (5), 993-1008.

Novak, J.T. and Haugan, B.E. (1980) , Mechanisms and Methods for Polymer
Conditioning of Activated Sludge. J. Water Poll. Contr. Fed., 52, 2571-2580.

Roberts, K. and Olsson, 0. (1974). The Influence of Colloidal Particles on the
Dewatering of Activated Sludge with Polyelectrolytes. Presented at the
American Chemical Society National Meeting, Division of Environmental
Chemistry. Atlantic City, N.J., September.

Roberts, K. and Olsson, O. (1975a). The Role of Colloidal Particles in
Dewatering of Activated Sludge with Aluminum Hydroxide and Cationic
Polyelectrolytes. Presented at the American Chemical Society National
Meeting, Division of Environmental Chemistry. Chicago, 111., September.

Roberts, K. and Olsson, O. (1975b). Influence of Colloidal Particles on
Dewatering of Activated Sludge with Polyelectrolytes. Envir. Sci. and Tech.,
2, 945-948.

Singer, S.J. and Nicholson, G.L. (1972). The Fluid Mosaic Model of the Structure
of Membranes. Science, 175, 720.

Statistical Analysis Systems Institute, Inc.(1979). SAS User's Guide. Gary, N.C.
Tenney, M.W., Echelberger, W.F., Coffey, J.J. and McAloon, T.J. (1970). Chemical

Conditioning of Biological Sludges for Vacuum Filtration. J. Water Poll.
Contr. Fed., 42, R1-R20.

Toerian, D.F. and Hattingh, w.H.J. (1969), Anaerobic Digestion—I—The
Microbiology of Anaerobic Digestion. Water Res., 3, 385-394.



Wai. Sai. Tech. Vol.17, Amsterdam, pp.517-528. 0273-1223/85 $0.00 + .50
Printed in Great Britain. Copyright © 1984 IAWFRC

FLOC-FORMING SUBSTANCES
EXTRACTED FROM ACTIVATED
SLUDGE WITH AMMONIUM
HYDROXIDE AND EDTA SOLUTIONS
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ABSTRACT

The authors attempted to extract the floc-forming substances by
sequential extraction with NH4OH and EDTA solutions from activated
sludge. Some fractions had the capacity for floe formation in acidic
ranges and some of the fractions were further fractionated by Sephadex
G-50. There is a possibility that low molecular weight substance^
except metallic ions related to floe formation and floc-forming
substances in activated sludge are not limited to one special sub-
stance.

KEYWORDS

aerobic sewage treatment ; activated sludge ; flocculation ; floc-
forming substances ; organic substances ; metallic ions

INTRODUCTION

The cause of activated sludge flocculation has been investigated, but
there are many controversies regarding the floc-forming substances of
activated sludge. The authors (Sato and Ose, 1975, 1980) extracted
the viscous substances from activated sludge with NaOH solutions.
The substances which could flocculate kaolin and Escherichia coli
suspensions below pH 3 contained protein, DNA, RNA, carbohydrate and
ash. But 2N NaOH extraction is a rather strong method (Brown and
Lester, 1980). In this report, sequential extraction with ammonium
hydroxide and EDTA was used and fioc-forming substances of activated
sludge were investigated.

MATERIALS

Activated sludge was obtained from the North Sewage Treatment Plant
in Gifu City and acclimatized to the synthetic sewage for a week or
longer. The composition of the synthetic sewage was described in the
previous report (Sato and Ose, 1980).
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METHODS

Extraction and Fractionation

The sequential extraction and fractionation method of Ueda and Earle
(1972) was used with a slight modification. Acclimated activated
sludge was washed in tap water, and centrifuged at 800 g for 10 min.
The precipitate was resuspended in distilled water, and extracted
with NH4OH and EDTA solutions according to Fig. 1. Each fraction was
then freeze-dried.

acclimated activated sludge (300 ml)

600 ml of 1 N NH4OH
homogenizing ca. 30 s

centrifugation (8,000 £, 20 min)

Ppt
160 ml of H2O
360 ml of 2 % EDTA-2Na
pH 10
stirring 3 hr, 4°C

centrifugation (8,000 g, 20 min)

Sup

pH 7
overnight, 4°C

centrifugation
(16,000 g_, 20 min)

Ppt
(discarded).

Ppt

Sup

3 volumes of
ethanol
overnight, 4°C

centrifugation
(8,000 g_, 20 min)

Sup
(discarded)

Ppt

20 ml of H2O

overnight, 4°C

Sup

I
dialysis
with H O

100 ml of H2O
pH 7
overnight, 4°C

centrifugation (8,000 g, 20 min)

Ppt

10 ml of H2O
pH 10
overnight, 4°C

centrifugation (8,000 g, 20 min)

4Pp_t__2_ Sup

Fig. 1. Scheme of extraction and fractionation

Investigation of Capacity for Floe Formation

Dried kaolin ( Nakarai Chemical Co. ) was ground with a mortar and
pestle. To the kaolin suspension, test substances were added, and the
pH was adjusted to 1, 2, 3, 5, 7, 9, 11 and 13 with HC1 or NaOH solu-
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tions. The final concentration of the substance was 100 ppm and that
of kaolin was 270 ppm. The suspensions were mixed well and allowed
to stand for 30 min. The absorbance of the supernatant was measured
at 500 nm. The absorbance of 270 ppm of kaolin suspension itself at
about pH 7 was near 0.3. For some lots of kaolin, the absorbance of
kaolin solution decreased to near 0.15 at pH 1 - 2 even if no sub-
stance was added. But this phenomenon could be distinguished visual-
ly from real flocculation.

Determination of Component Content

For determinations of protein, RNA, DNA and carbohydrate content, the
Lowry-folin method (Lowry e_t EII. , 1951), the orcinol method (Dische,
1955), the indole ( Ceriotti, 1952 ) or the diphenylamine method
( Ishikawa et al., 197 4 ) and the anthrone method ( Akiyama and
Watanabe, 156"7"J~were used, respectively. For determination of carbo-
hydrate content in column fractions, the phenol-sulfuric acid method
was used ( Ando et a_l. , 1967 ) . Egg albumin, yeast RNA ( grade VI) ,
herring DNA and glucose were used as standards. The ash content was
determined by heating for 4-5 hr at 600"C.

Determination of Metal Content

The contents of Fe, Mn, Ca and Mg in ash were determined by atomic
absorption spectrometry (Shimadzu AA-610S). Al was determined by the
absorbance method with 8-quinolinol (JIS K0102, 1981).

Column Fractionation of Sup 2 and Sup 3

300 mg of Sup 2 or Sup 3 were dissolved in 20 ml of distilled water.
The pH was adjusted to 10 for Sup 2 and to 7 for Sup 3 and stirred
for 20-30 min by magnetic stirrer and centrifuged at 1500 g for 10
min. The supernatants were fractionated by a gel filtration column
(Sephadex G-50, 4.5 x 83 cm). Fraction volume was 15 ml. Absoibance
at 260 nm and the carbohydrate content were determined for each frac-
tion. The fractions belonging to each peak were collected and freeze
-dried.

RESULTS

Capacity for Floe Formation and Component Content of Each Fraction

Yields of each fraction are shown in Table 1. The total yield was

Table 1 Yields of Each Fraction

No.

1
2
3

Mean

Sup 1

3.86
2.85
3.01

3.24

Sup 2

1.60
1.54
1.58

1.57

Sup 3

5.51
5.00
5.17

5.2 3

Sup

0.04
0.07
0.09

0.07

Percent of
4 ppt 1

0. 30
0.23
0.23

0.25

dry weight (%)
Ppt 2

0.03
0.01
0.02

0.02

Total

11.34
9.70
10.10

10.38
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larger than that obtained by 2 or 0.1 N NaOH extraction which was
4.55 or 1.12% (Sato and Ose, 1980). The NaOH extracts were dialyzed,
but in this experiment only Sup 1 was dialyzed.

The results of floe formation are shown in Fig. 2. Sup 1 did not
flocculate kaolin suspension in any pH range. Sup 2 showed floe
formation in an acidic range with a little width. But Sup 3 showed floe
formation only at pH 1. The floe formation by Sup 4 and Ppt 1 was
obscure. The yield of Ppt 2 was very small so the capacity for floe
formation was examined at only pH 1. The capacity at this pH was
observable. In summary, the capacity for floe formation was different
for each fraction and some fioc-forming substances existed in Sup
2, 3 and Ppt 2.

B
c

U

c
10
X!
U

O
V)

0. 4-

0.3.

0.2,

0. 1

Sup 1 °-4"

0.3

0.2

0.1 • Ppt 2

3 6 9 12 pH 3 6 9 12 pH

Fig. 2. Floe formation by each fraction

The component content of each fraction is shown in Table 2. The com-
ponent content was different for each fraction, and the ash content
difference was especially large. The ash content in dialyzed Sup 1
was very small. The content of organic components was calculated by
subtracting the ash content and a slight difference of organic compo-
nents was observed among each fraction. But it is not clear whether
the difference is significant or not.

Capacity for Floe Formation and Component Content of Dialyzed_Sup 2
and 3 Fractions

For Sup 2 and Sup 3 which showed the floe formation, dialysis was
performed with distilled water and the capacity for floe formation was
examined. The results are shown in Fig. 3. The capacity for floe
formation disappeared, and it was considered that some low molecular
weight substances related to floe formation. The component content
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Q 1 IT*
O U. LJ

Sup

Sup

Sup

PD t
T)*-^ -4-
P p t

n
X

i «

4

X

Z

Table 2

P r o t e i n

57.2
(52.8)
12 .1

(73.8)
28.2

(40.7)
21.4

(41.8)
42 .1

(57.9)
43.0

(56.4)

Component Content of Each ]

RNA

26.4
(24.4)

2 . 6
(15.9)
22.7

(32.8)
16.2

(31.6)
17.2

(23.7)
18 .1

(23.7)

Percen t of dry

DNA

10.1
( 9.3)

0 . 4
( 2.4)

7 . 9
(11.4)

5 . 3
(10.4)

1.5
( 2.1)

3 . 1
( 4.1)

f r ac t ion

s o l i d weight (%)

Carbohydrate Ash

14.7
(13.6)

1.3
( 7.9)
10.5

(15.2)
8 . 3

(16.2)
11.9

(16.4)
12. 1

(15.9)

6 . 0

84.0

42.3

61.6

24.5

Tota l

114.4

100.4

111.6

112.8

97.2

Parentheses indicate percentages calculated after subtracting
ash content

0.4

t
0.3

c
X)
u
0

0.1

3 6 9 12 pH

Fig. 3. Floe formation by dialyzed Sup 2 and 3

is shown in Table 3. Comparing Table 3 with Table 2, the ash content
decreased greatly.

The Effect of Various Metallic Ions on Kaolin Flocculation

From these results, it was thought that some metallic ions might be
related to floe formation. Al+*+ (A1C13-6H20), Fe + + + (FeCl^-6H2O),
Mn++(MnCl2-4H2O), Ca

++(CaCl2•2H2O) and Mg
++(MgSO4-7H2O) were investi-

gated.
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Sup
Sup

Table 3 Component

Protein RNA
2 54
3 40

.4 17.8

.4 33.8

Content of Dialyzed Sup

Percent of dry so l id
DNA

5.7
9.1

Carbohydrate
11.1
19.6

2 and 3
weight (%)

Ash Total
12
23

.8 101.8

.9 126.8

and Ppt 1
a 1 x 10"4

The content of these metals in ash of Sup 1, Sup 2, Sup 3
was measured and is shown in Table 4. The content in a
sample of each fraction was calculated and is shown in Table 5.
1 x 10~4 corresponds to 100 ppm and the concentration used for the
investigation of capacity for floe formation. It is clear that these
metals comprised less than 1 ppm in a 1 x 10~4 sample of each frac-
tion (%) .

Table 4 Metal Content in Ash

Percent of dry ash (%)

Sup
Sup
Sup
Ppt

Table

Sup 1
Sup 2
Sup 3
Ppt 1

1
2
3
1

5

A l

6.30
0.26
0.51
1.24

Metal
P e r

A l

0.33
0.21
0.19
0.28

Fe

5.15
0.19
2.34
3.11

Content in a
f reeze-dr ied

F e

0.27
0.15
0.87
0.70

0
0
0
0

1

Mn

.69

.93

.88

.81

x 10
weight

Mn

0.04
0.75
0.32
0.19

Ca

0.14
0.03
0.06
0.09

Sample
(ppm per

Ca

0.01
0.02
0.02
0.02

Mg

5.28
0.11
0.56
0.69

of Fract ions
10~4 sample)

Mg

0.28
0.09
0.20
0.16

The effect of 1 and 10 ppm of these metallic ions on kaolin floccula-
tion are shown in Fig. 4. At both concentrations, the floe formation
was not observed in acidic ranges where Sup 2 and 3 showed floe
formation.

The possibility remained that both metallic ions and organic sub-
stances were necessary for floe formation. These metallic ions and
dialyzed Sup 2 or 3 were mixed with kaolin solution and a floccula-
tion test was performed at pH 1. The results are shown in Fig. 5.
Flocculation was not evident. Then, Al + + +, Fe + + + and Mn++ were
mixed and the coexisting effect of metallic ions was investigated at
pH 1 using the dialyzed Sup 3. The results are shown in Fig. 6.
Again, flocculation was not observed.

From these results, there is a possibility that some low molecular
weight substances, though not metallic ions, are related to floe
formation.
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Fig. 4. Floe formation by var ious m e t a l l i c ions
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Fig. r>. Floe formation by dialyzed fractions and metallic ions
(pll 1). Cont means kaolin only
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4-1
(0

U
c
10

O
to
<

0.3

0.2

O.I'

AlO 0 1 1 1 0 2 2 2 0 3 3 3
FeO 1 0 1 1 2 0 2 2 3 0 3 3
MnO 1 1 0 1 2 2 0 2 3 3 0 3

Meta± concentration (ppm)

Fig. 6. Coexisting effect of metallic ions (Sup 3, pH 1)

Fractionation of the Supernatants of Sup 2 and 3 by Sephadex G-50

Sup 2 or 3 was added to distilled water to a concentration of 15,000 ppm
and the undissolved precipitate was removed by centrifugation. The
supernatants of Sup 2 and 3 showed the capacity for floe formation at
pH 1-2 and 1, respectively.

The supernatants of Sup 2 and 3 were fractionated by Sephadex G-50
column and the normal results are shown in Fig. 7 and 8. The elution
position of inorganic ion ( K+ ) is shown by the arrow. Sup 2 was
separated into two fractions, high molecular weight fraction (HMWF)
and low molecular weight fraction ( LMWF ). Ultraviolet absorbance
and carbohydrate profiles were similar, but carbohydrate content in
HMWF was large and that in LMWF was small. Sup 3 was separated into
three fractions, HMWF, middle molecular weight fraction (MMV7F) and
LMWF. HMWF also contained large amounts of carbohydrate and LMWF
contained ultraviolet absorbing substances. The amount of HMWF was
large and that of MMWF was small.

The capacity for floe formation was examined for each fraction and
the results are shown in Fig. 9. For Sup 2, both fractions had the
capacity for flocculation in an acidic range. But the range of capaci-
ty for floe formation by LMWF was a little wider than that by HMWF.
For Sup 3, only HMWF had the capacity for floe formation. The compo-
nent content was determined for these fractions and the results are
shown in Table 6. For Sup 2, HMWF contained large amounts of pro-
tein and ash, while LMWF contained a very large amount of ash. For
Sup 3, the ash content in LMWF was large and the total of organic
components was small. HMWF contained a large amount of organic
components.
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Fig. 7. Fractionation of the supernatant of Sup 2
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Fig. 8, Fractionation of the supernatant of Sup 3

Dialyzed Sup 3 was fractionated by a Sephadex G-50 column and the
results are shown in Fig. 10. Compared with Fig. 8, the carbohydrate
content of HMWF and the ultraviolet absorbance of LMWF decreased.
The floe formation test by HMWF of this dialyzed Sup 3 was performed
and it did not reveal the capacity in any pH range.

There is a possibility that floc-forming substances are not limited
to one special substance, because several different fractions, namely
HMWF and LMWF of Sup 2, HMWF of Sup 3 and Ppt 2, had the capacity for
floe formation. Since HMWF of Sup 3 had the capacity for floe forma-
tion and this ability was lost by dialysis, it can be considered that

JWST AMSTERDAM 2-C.



526 T. SATO and Y. OSE

LMWF

s
o
o

0.4

0. 3.

(T)

a)
2 °-
(0
XI

u
0
tn 0.1'

Sup 2

HMWF
0.4

0.3

0.2

0.1

Sup 3

HMWF
MMWF

LMWF

3 6 9 12 PH 3 6 9 12 pH

Fig. 9. Floe formation by each fraction of Sup 2 and 3

Table 6 Component Content of Each Fraction of Sup 2 and 3

Percent of dry solid weight (%)

Protein RNA DNA Carbohydrate Ash Total

Sup

Sup

2

3

HMWF
LMWF

HMWF
MMWF
LMWF

33.5
5.0

20.8
14.5
7.1

13.5
0.8

49.2
5.8
2.0

2.9
0.4

10.5
1.2
0.8

7.3
2.9

21.6
4.2
1.8

31.2
89.4

19.5

72.4

88.
98.

121.

84.

4
5

6

1

active low molecular weight substances bond weakly to high molecular
weight parts and are released by dialysis.

DISCUSSION AND CONCLUSIONS

The slime of bacteria in activated sludge has been recognized as a
cause of floe formation.Some researchers investigated floc-forming sub-
stances of bacteria which were isolated from sewage or activated
sludge (Endo and Takahashi, 1980, 1981 ; Friedman et a_l. , 1969 ; Tago
and Aida, 1977 ). But, these substances were dITferent from each
other, and it is possible that the floc-forming substances differ
among various bacteria. Also, it is unclear how these substances
contribute to activated sludge flocculation.

Pavoni _e_t al.. (1972) developed a bacterial population from domestic
wastewater seed using various organic substrates, and reported that
the bacterial polymer related to bioflocculation was composed of
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polysacharide, protein, ENA and DNA. Also, they reported the floccu-
lation capability of the extracted polymer for kaolin solution was
greatly enhanced with increasing pH values. This result is different
than the authors' results. Pavoni et «il. (1972) obtained the bacte-
rial polymer from the supernatant by centrifugation, but Brown and
Lester (19 80) reported that high-speed centrifugation was of no value
in extracting extracellular polymers from activated sludge floes.

Except for the authors' previous work ( Sato and Ose, 1975, 1980 )
there are few reports of the extraction of floc-forming substances
from activated sludge itself. In this report sequential extraction
with NH4OH and EDTA solutions was adopted, and it is concluded that
there is a possibility that low molecular weight substances, except
metallic ions, related to floe formation in acidic ranges and floc-
forming substances in activated sludge are not limited to one special
substance.
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ABSTRACT

The effectiveness of an anaerobic digestion process with thermal pretreatment
at a comparatively low temperature was examined. The waste activated sludge
was thermally pretreated in the process. A laboratory scale experiment and
a pilot plant study were conducted. Changes in volatile acids concentration,
in major constituents of sludge and in molecular size distribution were examined
before and after thermal pretreatment and anaerobic digestion. Thermal pre-
treatment resulted in an increase of more than 30 percent in digestion gas
production. The major substrates decomposed were fats in the pilot plant
study. Glyceride fatty acids are decomposed with thermal pretreatment and
produce volatile acids such as acetic and propionic acids. The volatile acids
are directly utilized by anaerobes to produce methane. Organic matter such
as fats and carbohydrates are depolymerized with thermal pretreatment and
produce soluble intermediate compounds such as higher fatty acids. The
intermediates are utilized in the anaerobic digestion process. These two
major effects facilitate the methane production process.

KEYWORDS

Sewage sludge; anaerobic digestion; thermal pretreatment; methane production;
volatile organic acids; gel chromatography.

INTRODUCTION

Anaerobic digestion has come to be less frequently applied to newly built
sewage treatment plants in Japan, because the process requires a vast site
space and is not self-sustaining in energy balance in winter. However, the anaerobic
digestion process is receiving increased national attention with the tightening
of energy supplies. Research and development are actively promoted to improve
the efficiency of the process.
Haug et al.(1977, 1978, 1983) proposed a thermal pretreatment process prior
to anaerobic digestion. They performed an experiment in some conditioning
temperatures between 100 and 250'C, and pointed out that methane production
from waste activated sludge increased by 14 percent with 100 *C thermal pre-
treatment and by 60 to 70 percent with 175' C thermal pretreatment. Thermal
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pretreatment increases biodegradability of sludge. The authors of this paper
noticed the high energy efficiency of the process, and conducted some elementary
experiments and system analyses. The results were published with a discussion
about the shape of the digester tank(Hiraoka ot al. , 1981a, b, c). If one
aims at improving energy efficiency of the anaerobic digestion process keeping
the ease of operation as it is, thermal pretreatment at a lower temperature,
i.e. below the boiling point of water, becomes fascinating. So the authors
conducted a laboratory scale experiment and a pilot plant study to examine
the effectiveness of the anaerobic digestion process with low temperature
thermal pretreatment.

Biodegradability of primary sludge is generally higher than that of waste
activated sludge. So an increase in gas production is predominantly dependent on
an improvement in biodegradability of waste activated sludge. In the laboratory
experiment, the effect of thermal pretreatment on the increase in gas production
from waste activated sludge was examined in relation to the pretreatment
temperature at between 60 and 100 "C, and organic loadings in the digester.
In the pilot plant study, gas production yield and the change in sludge
characteristics at each stage of the process were mainly studied for the mixture
of primary and thermally pretreated waste activated sludges.

LABORATORY EXPERIMENT

The effect of low temperature (60 to 100°C) thermal pretreatment prior to
anaerobic digestion has been examined from the standpoint of improved digester
performance, using the waste activated sludge generated at a sewage treatment
plant which has been subjected to a separate sewerage system. The examination
revealed that low temperature thermal pretreatment necessitated a longer holding
time than high temperature treatment. Improvement of biodegradability was observed
in the case of thermal pretreatment at 100° C with a holding time of 30 minutes,
but at 60 and 80°C the holding time had to be increased to more than 60 minutes.
Gas production with low temperature thermal pretreatment increased by 40 to
50 percent above the control. The reason for this increase was concluded
to be due to the solubi1ization of complex organic matter to biodegradable
Substrate and subsequently to the significant increase of volatile acids
concentration during the thermal pretreatment.

Prior to pilot plant study, the relationship between gas production yield
and pretreatment temperature and digester organic loading was examined concerning
the waste activated sludge generated by another sewage treatment plant for
a mixed sewerage system. Two levels of feed solids concentration, 3.5 and 5
percent, were examined. Only the results of 5 percent solids waste activated
sludge are presented in this section.

Experimental Conditions

A sample of waste activated sludge was obtained from the return sludge channel
at Konoike Sewage Treatment Plant, Osaka Prefecture. The sludge was thickened
using a centrifugal thickener, and thermally treated in an autoclave at
temperatures of 60, 80 and 100° C under pressurized atmosphere of 3 KG/cm2,
The working volumes of digester vessels were A liter for 1 to 3 kg-VS/m3' D
loadings, and 2 liter -for 4 and 5 kg-VS/m3- p loadings. The digesters were
initially seeded with digested sludge obtained from the second digester tank
of a nightsoil treatment plant. The seed sludge was acclimated to each of
the feed sludges before the experiments were started. The digesters were
kept in a constant temperature room at 35 ± 0.5°C, and were fed and sampled once
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a day. To ensure the close contact of feed sludge with anaerobes, the digester
vessels were shaken for 3 to 5 minutes immediately after feeding. Six levels
of digester organic loadings were prepared; if 1.5, 2, 3, 4 and 5 kg-VS/m

3-D.

Results and Discussion

Daily gas production at actual organic loadings of 1.32-1.44 kg-VS/m3' D is
shown in Figure 1, expressed in gas production yield of organic matter added.

400

300

200

1 .32-1.44 kgVS/m:3.D

T3 = b %

\0 14
Day Li

1 7 20

Fig. 1. Daily gas production yield

Compared with the control, thermal pretreatment increased gas production yield
notwithstanding comparatively low pretreatment temperatures. Operational
results are summarized in Table 1. Actual solids concentrations were 4.7
to 5.4 percent. The gas production yield was significantly affected by
pretreatment temperature and digester organic loading. The increase in gas
production yield above the control is shown in Figure 2 against pretreatment
temperature. Gas production yield increased even at a lower pretreatment
temperature, at digester organic loadings less than 3 kg-VS/m • D; the increase
was 30 percent with thermal pretreatment at 60°C. The increase in gas production
yield with increase in pretreatment temperature was not significant except
at digester organic loadings of 1.5 and 2 kg-VS/m3-D. For the digester organic
loadings of 1.5 and 2 kg-VS/m3- D, the increase in gas production yield was
similar to that for the waste activated sludge of 3.5 percent solids content.
Thermal pretreatment had no significant effect on gas production yield at
digester organic loadings above 4 kg-VS/m^. D. The gas production yield became
virtually identical to the control. Thermal pretreatment had a significant
effect at digester organic loadings below 3 kg-VS/nr^-D, beyond which, presumably,
'the digester failed.

The gas production yields of organic matter added in this experiment were
smaller than in the aforementioned experiment with waste activated sludge
from the sewage treatment plant which was subjected to a separate sewerage system.
This may be attributable to the difference in sludge constituents. The proportion
of sludge constituents varies from place to place.

Organic matter destruction is presented in Figure 3 against pretreatment
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temperature at digester organic loadings between 1 and 3 kg-VS/m3- D, where
gas production increases due to thermal pretreatment were observed. From
this it is clear that the increases in organic matter destruction were only
a few percent above the control. The destruction rose remarkably between
80 and 100°C. The present authors observed the same tendency for waste activated
sludge obtained from a sewage treatment plant which was subjected to separate

TABLE 1 Laboratory Experiment Data Summary

Actual
Pretreatment Organic
Temperature Loading

°C kg-VS/m3-D
0.88
1.32

60 1" 7 6
6 0 2.81

3.86
4.83
0.90
1.36

an 1-B08 0 2.94
3.86
4.83
0.92
1.38

mn 1 > 8 9
1 0 0 2.97

4.07
5.08
0,96
1.44
1.92

N ° n e 3.02
3.78
4.73

HRT

D
37
24.7
18.5
12.3
9.3
7.4

37
24.7
18.5
12.3
9.3
7.4
3,7
24.7
18.5
12.3
9.3
7.4
37
24.7
18.5
12.3
9.3
7.4

Feed
TS
%

4.67
4.67
4.67
5.02
5.18
5.18
4.82
4.82
4.82
5.26
5.18
5.18
4.85
4.85
4.85
5.30
5.41
5.41
5.05
5.05
5.05
5.35
5.11
5.11

Sludge
VS/TS
%

69.6
69.6
69.6
69.1
69.1
69.1
69.5
69.5
69.5
69.0
69.1
69.1
70.1
70.1
70.1
69.2
69.7
69.7
70.5
70.5
70.5
69.7
69.7
69.7

Digested
Sludge
VS/TS
%
62.0
61.3
61.9
61.1
61.5
61.7
61.9
60.8
60.9
60.5
60.3
61.1
60.9
59.6
59.3
59.4
61.1
59.7
63.1
62.6
62.9
63.1
62.1
62.3

Organic
Destruction

%
28.8
30.7
29.0
29.7
28.5
28.1
28.8
31.9
31.6
31.2
32.3
29.7
33.7
37.0
37.8
35.2
31.8
34.2
28.5
29.8
29.0
25.7
25.2
24.3

Gas Production

ml/g-VS
added
289
290
283
288
237
221
317
298
299
283
244
221
297
326
344
293
262
221
228
228
217
228
239
217

ml/g-VS
destroyed
1,004
946
975
971
829
784

1,099
933
946
907
757
744
880
879
908
834
825
647
801
762
748
889
948
892

60 80 100 « -J0 60 80 100^

Pro treatment Temperature ("C)

60 80 100

Fig. 2. Increase in Fig. 3. Sludge
gas production yield destruction

Fig. 4. Increase in gas
production of organic

matter destroyed
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sewerage system. It was clarified that so much increase in biodegradability
could not be expected of thermal pretreatment at such low temperatures as
60 to 80° C. However, actual gas production increased significantly as shown
in Figure 2. Increase in gas production yield of organic matter destroyed
by thermal pretreatment made the gap. Gas production yield of organic matter
destroyed is shown in Figure 4 against pretreatment temperature. While gas
production yield of organic matter destroyed amounted to 300 ml/g with 60
'C thermal pretreatment, it was limited to only 100 ml/g of organic matter
destroyed with 100° C thermal pretreatment.

From the abovernentioned, gas production yield of organic matter added would
increase by more than 30 percent with thermal pretreatment at lower temperatures
such as 60 and 80° C, at digester organic loadings of 3 kg-VS/m^-D. This
was rather because of the significant increase in the gas production yield
of organic matter destroyed, than because of the increase in the biodegradable
fraction of sludge. On the other hand, more than 50 percent increase in
gas production yield of organic matter added could be expected with 100° C
thermal pretreatment at lower digester organic loadings than 3kg-VS/m3-D.
This is rather because of the significant increase in biodegradable fraction
of sludge than because of the increase in the gas production yield of organic
matter destroyed. This fact suggests that there may be a difference in mechanism
of substrate improvement between high temperature and low temperature thermal
pretreatments.

PILOT PLANT STUDY

The laboratory experiment suggested that low temperature thermal pretreatment
could improve efficiency of anaerobic digestion of sewage sludge. Thus, to
demonstrate the effectiveness of "anaerobic digestion process with thermal
pretreatment", a pilot plant was constructed in Konoike District Sewage Treatment
Plant, Osaka Prefecture. The sewage treatment plant was the one from which
the sample sludge for our laboratory experiment was obtained.

Pilot Plant Facilities

The pilot plant consisted mainly of a gravity thickener for primary sludge,
a centrifugal thickener for waste activated sludge, a low temperature thermal
pretreatment unit, an egg-shaped digester tank, and methane gas collection
and utilization units. The working volume of the digester tank was 20 m--.
The schematic flow diagram is shown in Figure 5. Sewage water after grit
chamber was delivered to the primary settling tank to obtain primary sludge.
The primary sludge was then thickened into 3 to 5 percent solids content
by a gravity thickener. In this sewage treatment plant, waste activated sludge
was transferred to the primary settling tank, and the mixed primary and waste
activated sludge was withdrawn to the sludge treatment system. So the primary
sludge could not be obtained separately. Waste activated sludge was obtained
at the return sludge channel of the sewage treatment plant, and thickened
by a centrifuge into 5 percent solids content. The thickened waste activated
sludge was therma] ly pretreated at 60° C with a holding time of 120 minutes
under a pressurized atmosphere of 3 Kg/cm . The thickened primary sludge and the
thermally pretreated waste activated sludge were delivered to the mixing tank,
where both sludges were perfectly mixed. The temperature of the mixed sludge
was adjusted to 35 to 37 ° C by use of the heat exchanger in the mixing tank.
The mixture was fed into the digester tank after being seeded with digested
sludge from the digester tank in the mixer set up in the piping system. Evolved
digester gas was delivered to the water-sealed gasholder (llm3 at 180 mm 1^0 )
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after passing through the sand filter and having been desulfurized by the dry-type
desulfurizer. The purified digester gas was supplied to the gas-fuel hot
water boiler. A gas engine generator- was also furnished to make it possible
to experiment with electricity generation. The heat required by the thermal
pretreatment unit and digester tank was provided by the hot water of 60 to
80° C generated in the hot water boiler. The digester tank was insulated.
Sewage sludge having a high solids content has so high a viscosity that imperfect
agitation makes part of the digester tank a dead space. This results in shortage
of hydraulic: retention time and imperfect contact of sludge with anaerobes.
The egg shape of the pilot plant digester helped to keep the uniformity of
Lne contents and to prevent grit deposits. Three types of agitators were
supplied;a screw-type mechanical agitator, sludge recirculation pump, and gas
recirculation blower. The screw-type mechanical agitator blew up grit deposits
arid homogenized the mass of digester sludge. The downstream from the agitator
broke tho scum layer.

P - a r y G r : ; t v i t ,
se t t l i ng Thir iei icr
tank

Fig. 5. Schematic flow diagram of pilot plant

Pilot Plant Operation

The digester was initially filled with 16 m3 of digested sludge obtained from the
secondary digester tank of a nightsoil treatment plant. No substrate was
fed to the digester for about one week, while the temperature of the digester
was kept; at 35 °C. When the evolution of digester gas ceased, sludge feed
was started. 1 m3 of mixed sludge was fed once every two days. The total
amount of sludge was properly divided into three or four fractions, and was
fed continually. After two weeks, it was ascertained that the digester operated
normally, judging from pH, alkalinity and gas production rate, and the regular
operation was started. The feed rates of primary and thermally pretreated
waste activated sludges were determined so that the amounts of organic matter
of boLh sludges became almost equal, hydraulic retention time was 20 days,
and digester organic loading was 1 to 1.5 kg-VS/m3- D. The actual rates were
0.4 to 0.6 m3/D for primary sludge and 0.5 m3/D for thermally pretreated waste
activated sludge.

The control, experiment was conducted using a laboratory scale digester vessel
of 30 liter without thermal pretreatment. The digestion temperature, hydraulic
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retention time, digester organic loading and acclimation procedure were set
similar to those in the pilot plant operation. The digester was agitated
continuously by gas recirculation.

Results and Discussion

The pilot plant was operated over a nine-month period. The data were classified
into three groups depending on the amount of organic matter fed and gas
production, which corresponded to each one-month steady period. The operational
results in the three periods are summarized in Table 2. The fifth column
of the table shows the results of the control experiment.

TABLE 2 Pilot Plant Study Data Summary

Primary Sludge

Thermally
Pretreated
WAS
Mixed Sludge
Fed
Digested
Sludge

pH
TS, %
VS/TS, %
PH
TS, %
VS/TS, %
TS, %
VS/TS, %
pli
TS, %
VS/TS, %

With Thermal Pretreatment
Period

I
6.26
3.37
67.3
6.51
4.34
71.0
3.85
69.3
7.59
3.20
62.2

Period
II
4.82
4.79
56.0
6.40
4,95
62.2
4.86
58.7
7.40
3.49
50.0

Period
III
5.84
4,34
51.2
6.58
4.74
61.5
4.52
56.2
7.39
3.81
49.7

Control

6.40
2,78
65.2
6.20
5.33
75.3
4.05
71,8
7.60
3.38
66.8

Operating HRT, D 24 18.5 20 20
Conditions Org Loading, 5 4

kg-VS/mJ-D
VS ratio PS/WAS 0.76 1.14 0.90 0.45
Dig, Temp,, C 35.5 36.4 36.8 35.0

Gas Production m^/m^-sludge 12.2 11.6 9~7T 6.6
CH4, % 69.6 67.3 61.1

m3/kg-VS added 0.458 0.408 0.357 0.227

m /kg-VS 1,690 1.378 1.552 1.081
destroyed

Organic Destruction, % 27.1 29.6 23.0 21.0

Gas production rate, organic matter destruction and gas production yield were
affected by factors such as thermal pretreatment, solids and organic matter
contents of feed sludge, digester organic loading, and organic matter ratio
of primary sludge to waste activated sludge.

First, gas production yield with thermal pretreatment was 350 I/kg of organic
matter added, while that without thermal pretreatment was 230 I/kg of organic
matter added; there was a large difference. Increase in the laboratory experiment
was about 30 percent with thermal pretreatment at 60° C. The reason for the
increase in pilot plant operation might be attributable to the presence of
primary sludge and difference in agitation.

Second, the amount of gas produced had no significant correlation with
digester organic Loading, at least in the range of 1.1 to 1.6 kg-VS/m3 • D.
The result was similar to that of the laboratory experiment with sludge of
a high solids content. The critical digester organic loading beyond which the
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digester would fall might be near 3 kg-VS/m3.D with thermally pretreated waste
activated sludge of a high solids content. Under the critical digester organic
loading, digester operation would not be affected by loading, if the feed
sludge has a high solids content and a sufficient hydraulic retention time.

Third, gas production yield had a significant correlation with the organic
matter content of feed s]udge. The higher the content was, the larger the
gas production yield. Organic content was about 10 percent higher in period
I than periods TT and III. The gas production yield was 25 percent larger
in period I than in periods II and III. The tendency was valid for sludge
destruction.

The organic matter destruction was 23 to 30 percent and 21 percent for with,
and without thermal pretreatment, respectively. These figures were
comparatively smaller than that reported in the literature. This might be
due to the lower organic content of primary sludge. The primary sludge contained
less carbohydrates than that from other sewage treatment plants. Carbohydrate
content may be affected by characteristics of influent sewage water and sidestream
water from Che sludge treatment system.

EFFECT OF THERMAL PRETREATMENT

It was verified by both laboratory experiment and pilot plant study that thermal
pretreatment at a low temperature prior to anaerobic digestion resulted in
an increase of more than 30 percent in digester gas production. This may
be attributable to the improvement of the characteristics of sludge. Presumably,
thermal pretreatment resulted in a change in substrate availability. Thus,
changes in volatile organic acids concentration, in three major constituents
(carbohydrates, fats and proteins), and in molecular size distribution were
examined before and after thermal pretreatment and anaerobic digestion. The
analyses were carried out in period III of the pilot plant study.

Table 3 shows the sludge characteristics in this period. Both calculated
values and actual analytical values are shown for feed sludge i.e. the mixture
of primary and thermally pretreated waste activated sludges.

TABLE 3 Sludge Characteristics in Pilot Plant Study

Waste Thermally „. , __ . _. , ,
/Activated Pretreated „ Mixed Sludge Digested
Sludge Calculated Real bludge
^ Sludge WAS ____^^_

pi I
TS, %
VS/TS, %
COD, mg/1
BOD, mg/1
Phosphate, mg/1
Ammoniac Nitrogen, mg/1
Nitrogen, mg/1
Organic Acids, mg/1
Alkalinity, mg/1
Carbohydrates, %-solid
Fats, %-solid basis
Proteins, %-solid basis

6.3
3.15
55.6

25,300
5,960
430
310

1,250
1,180
1,040

basis 6.0
17,4
18.7

6.8
5.59
68.9

49,900
20,500
1,100
710

3,660
1,520
2,200

7.2
14.4
32.3

6.8
5.07
65.5

45,000
13,000
1,180
1,570
3,700
3,490
3,780
6.6
1.4,4
26.7

6.5
3.95
60.9

33,500
8,890

743
835

2,270
2,140
2,180

6.1
13.8
24.0

6.5
3.90
59.7

34,500
7,380
880
820

2,310
2,500
2,200

6.3
15.8
23.0

7.6
3.89
50.9

25,600
700
610

1,410
2,780

210
5,570
6.1
9.0

21.9

Volatile organic acids were analysed by gas chromatography packed with Chromosorb
101, with a flame ionization detector." Sample sludge was centrifuged at 3,000
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and'' a w V T r n a t a n L °f " h i C h Wa" then f i l t r a t e d w i t h* 0.45 ̂  membrane filter,
and added to an equivalent volume of formic acid. Figure 6 shows a record
of changes in volatile acids concentration during the process. The C? to
C6 volatile acids concentrations were converted in terms of acetic acid
concentration. A significant increase can be seen in volatile acids concentration
with thermal pretreatment at 60°C; t.ot.al volatile acids of thermally pretreated
waste activated sludge were about five times higher than original waste activated
sludge. Above all, the increase in butyric acid was remarkable. Volatile
acids concentration of primary sludge was higher than that of original waste
activated sludge. The anaerobic digestion process reduced significantly volatile
acids concentration and acetic and propionic acids were major volatile acids
in digested sludge. Fisher el al.(1971) and Inomae et al.(1979) reported
that C2 to C5 volatile acids production would increase in thermal treatment
or wet air oxidation processes at a temperature of higher than 150 °C It
is interesting to find that the tendency is similar at comparatively low
temperatures. A quantitative relationship is not yet clear between increase
in volatile acids concentration in feed sludge and increase in gas production
However, since about 70 percent of methane is said to be produced by way of
acetic acid (Jeris et__al.. , 1965), it is valid to say that one reason for the
increase in gas production with thermal pretreatment is an extensive production
of volatile acids during the thermal pretreatment process.

Primary Sludge

Waste Activated Sludge

Volatile Acid Concentration (g/1)

0 J 2 :s U

1.732

IIRu HVa

0.96!

• l l A c • lll'r

Thermally PreLreaLed WAS '!'!\\\\\\\\\-X-

Mixed Feed Sludge

Digested Sludge . 120

2.910

4 . 76 IS

llAi:. . . A c e t i c Acid
H P r . . . P r o p i o n i c Acid
HBu. . . B u t y r i c Aci d
HVa . . . Va l e r i a n i c Acid

Fig. 6. Changes in volatile acids concentration

Table 3 also shows the changes in constituents of sludge durin" the process
While the destruction of fats was more than 50 percent, " less than 25
percent of carbohydrates and proteins were decomposed. It was said that major
substrates for anaerobic digestion of waste water sludge were carbohydrates
and fats (Ogoshi, 1981). The carbohydrates content of the sample sludge was
comparatively low, and the destruction of that was small. The reason for
the small destruction of carbohydrates might be that it contained a small
amount of relatively biodegradable carbohydrates such as cellulose and saccaride
The major substrate decomposed was fats in this pilot plant study Fats
decomposed and evolved higher fatty acids and then further decomposed into
lower volatile acids. This might be the major route of methane production
in this study.

Molecular size distribution was analyzed by use of gel chromatography with
bephadex G-15. The sample preparation was the same as for volatile acids
analyses. Sample liquid was eluted with distilled water. Then absorbance at
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A-= 190, 200, 210 and 220 nm, and total carbon (TC) content were measured
for each fraction. Gel chromatograms of sludges at some stages of the process
are illustrated in Figure 7 (a) to (d). Degradation features at each stage
can be seen qualitatively from the chromatograms. Comparison of Figure 7
(b) with (a) shows that thermal pretreatment made chromatogram peak shift
from a higher to a lower molecular size region, and peak area at low molecular
size become larger. This fact suggests that not only production of C2 to C5
volatile acids, but also depolymerization of organic matter such as fats proceeds
with thermal pretreatment. Comparison of Figure 7 (d) with (c) shows that
although peak locations of absorbance and total carbon content do not shift,
total area or peak heights reduce significantly with anaerobic digestion.
Since the peaks that reduced were enlarged by thermal pretreatment, it can be said
that thermal pretreatment improved the efficiency of anaerobic digestion.

190 nm

200 nm

210 nm

220 nm

50

100

200

(b)Thermally

Pretreated

WAS

Fig. 7. Gel chromatograms of various sludges

The abovementioned results may be summarized as follows.

First, glyceride fatty acids are decomposed with thermal pretreatment and
produce volatile acids such as acetic and propionic acids. The volatile acids
were directly utilized by anaerobes to produce methane.

Second, organic matter such as fats and carbohydrates are depolymerized with
thermal pretreatment and produce soluble intermediate compounds such as higher
fatty acids. The intermediates are utilized in the anaerobic digestion process.

Those two major effects facilitate the methane production process.
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CONCLUSION

1. The laboratory experiment revealed that gas production yield of organic
matter added would increase by more than 30 percent with thermal pretreatment
at lower temperatures such as 60 and 80° C, at a digester organic loading
of 3 kg-VS/m3- D. More than bO percent increase could be expected with
100 * C thermal pretreatment at a lower digester organic loading than 3
kg-VS/m3.D.

2. The piiot plant study revealed that gas production yield with thermal
pretreatment was 350 I/kg of organic matter added, while that without
thermal pretreatment was 230 I/kg. The gas production yield had a significant
correlation with the organic matter content of fed sludge.

3. The first effect of thermal pretreatment may be that glyceride fatty acids
are decomposed to produce volatile acids such as acetic and propionic
acids, and they are directly utilized by anaerobes to produce methane.

4. The second effect of thermal pretreatment may be that organic matters
such as fats and carbohydrates are depolymerized to produce soluble
intermediates, and they are utilized in the anaerobic digestion process.
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ABSTRACT

The potential for reclamation of dewatered aluminum-anodizing sludges as liquid
alum was investigated. Batch extractions with sulfuric acid at elevated tempera-
tures indicated that liquid alum production was feasible. Sludge solids content
was shown to be a critical variable if commercial-strength products (8.0 to 8.3
percent as AI2O3) are to be produced.

KEYWORDS

Aluminum-anodizing sludge; aluminum sulfate; liquid alum; sludge reclamation and
disposal; aluminum hydroxide; sulfuric-acid extraction; architectural aluminum.

INTRODUCTION

Industrial sludge reclamation has increased as sludge disposal regulations have be-
come more restrictive and disposal costs continue to escalate. In the aluminum-
anodizing industry, aluminum is the principal waterborne contaminant contained in
rinsewaters, spills and spent finishing solutions and suspensions. Treatment of
these wastes in a combined wastewater is typically achieved with neutralization,
polymer conditioning and gravity sedimentation, resulting in production of (i) a
clarified wastewater available for recycle or discharge and (ii) a thickened under-
flow sludge containing aluminum as the major dry constituent in the form of amor-
phous, aluminum-hydroxide precipitates. Further treatment of clarified wastewater
is not usually required, while treatment of thickened sludge may include gravity
thickening and mechanical dewatering, followed by land disposal. The potential
for reclamation of solids contained in thickened underflow sludges from aluminum-
anodizing plants as a solution of aluminum sulfate or liquid alum (AlzCSOii) 3'14. 3
H2O) was investigated.

Liquid Alum Production and Reclamation

The majority of the standard-grade liquid alum used in the United States is pro-
duced by.chemical manufacturers using extraction of native and imported bauxite
with excess sulfuric acid at temperatures of 100°C and higher. Hot supersaturated

JWfiT AMSIKRDAM 2-H
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suspensions of extracted bauxite are gravity clarified to remove non-reactive
bauxite solids. Clarified supersaturated solutions of aluminum sulfate are either
(i) diluted with recycled water (used to rinse non-reactive bauxite solids) to pro-
duce a saturated solution of aluminum sulfates i.e., liquid alum, or (ii) further
concentrated using evaporative processes and cooled to produce dry forms of alum.
In addition to standard-grades, a higher grade of alum is produced by acidifica-
tion of alumina trihydrates (AI2O3 • 3H2O) and is referred to as iron-free alum.
Standard-grade alum may contain as much as 0.4 percent iron (as Fe2O3) while iron-
free alum typically contains less than 0.005 percent iron (as Fe2O3).

Annual production of standard-grade alum in the United States is approximately 10s

tons while annual production of iron-free alum is approximately 10 tons. The
major user of aluminum sulfate is the pulp and paper industry where it is used to
control pH of pulp slurries, set dyes and sizing compounds on pulp fibers and
clarification of process waters. Uses of alum by other industries and municipal-
ities include: (i) coagulation of waters and wastewaters; (ii) phosphorus removal
from wastewaters; (iii) production of fire extinguishers; (iv) treatment of white
leathers; (v) use as an astringent in drugs and cosmetics; and (vi) use as a
mordant to fix dyes on textiles.

With regard to production of liquid alum from dewatered aluminum-anodizing sludge
solids, a patented process for extraction of sludge solids with solutions of
aluminum sulfate was issued (Lancy, 1976). The process included elutriation of
sludge solids with minimal exposure of sludge solids to air, extraction with sul-
furic acid at 40 to 70°C and filtration of the acidified suspension. A Japanese
patent was issued for extraction of aluminum hydroxide with sulfuric acid (Nissan
Engineering Co., 1976). A 5-h extraction (100°C) was followed by rapid cooling
to 30°C to remove silicates. Filtration and thin-film evaporation was used to re-
cover a dry alum with an alumina content of 14 percent (as AI2O3), In spite of
the two patented processes, sufficient data have not been published to establish
process viability or feasibility using aluminum-anodizing sludges. However,
extensive data have been published on reclamation of sludges produced in treatment
of surface waters for drinking purposes.

Clarification of surface waters is commonly enhanced by addition of an aluminum
salt (e.g., alum or sodium aluminate) to coagulate colloidal particles and enhance
their removal by gravity sedimentation and depth filtration. Recovery of aluminum
for in-plant use from suspensions containing aluminum-coagulated particles (i.e.,
"alum" sludges) has been examined. To accomplish the recovery process, sulfuric
acid is added to an alum-sludge suspension in a rapid-mix unit. The acidified sus-
pension is then placed in a gravity separator and supernatant liquor containing
resolubilized aluminum is recovered for reuse as a coagulant in the water treat-
ment process. Residual sludge retained in the separator is neutralized, dewatered
and disposed to land (Roberts and Roddy, 1960). Considerable research has been
conducted on process efficiency, product quality, and reactor configuration and
operational conditions (Chen and others, 1976; Cornwell and Susan, 1979; Goldman
and Watson, 1975; Gruninger, 1975; Isaac and Vahidi, 1961; Lindsay and Tongkasame,
1975; Webster, 1966; Westerhoff and Daly, 1974). In general, alum solutions were
typically more dilute than commercial-strength products and not marketable but
were adequate for in-plant reuse for coagulation.

The objective of the research reported herein was to examine the feasibility of
acidic extraction of aluminum-anodizing sludges for production of liquid alum.
The conditions required for production of liquid alum with an acceptable quality
and of sufficient strength to assure successful commercial marketing were of prime
importance in the investigation.
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To investigate the potential for reclamation of aluminum-anodizing sludges as
liquid alum, numerous samples of dewatered sludge, including those from convention-
al neutralization, segregated neutralization and etch recovery processes were
collected and examined (Saunders and others, 1983). Results for samples produced
in conventional wastewater treatment systems at two aluminum-anodizing plants are
presented herein.

Sludge Samples

As indicated in Table 1, the plants from which sludge samples were obtained were
typical of large aluminum extrusion and anodizing plants finishing architectural
extrusions. The focus of the research was on the high-volume wastes produced in
conjunction with anodizing processes and not on those wastes produced in the
extrusion processes. For treatment of anodizing wastes, both plants utilized con-
ventional neutralization followed by gravity sedimentation to treat combined waste-
waters. However, the plants differed in the manner in which spent finishing solu-
tions were treated. At plant A2, spent caustic etch and spent anodize acid were
discharged to the waste treatment system in large quantities on weekends when
extruded aluminum was not being finished and the flow of other wastewaters was
minimal. The resulting neutralized suspension was highly concentrated due to the
presence of high levels of dissolved aluminum in the two wastes (Saunders, Sezgin
and Kutz, 1982; Saunders and others, 1983), and was placed in the sedimentation
basin to be combined with other wastewater suspensions. At plant A3, spent
anodize acid was stored and metered slowly into the bulk of the wastewater flow
from the anodize line. Spent caustic etch was semi-continuously discharged to a
holding tank and used continuously to adjust pH of combined wastewaters.

TABLE 1. Description of Aluminum-Anodizing Plants A2 and A3

Plant

A2

A3

Finishing Line

Anodize Line (360 Mg/mo)

Alkaline cleaner
Caustic Etch
Desmut
Bright-dip
Conventional sulfuric-

acid anodize
Dye
Seal

Anodize Line (680 Mg/mo)

Alkaline cleaner
Caustic etch
Desmut
Conventional sulfuric-

acid anodize
Integral-color sulfuric-
acid anodize

Seal

Waste Treatment

Wastewater

pH neutralization
Polymer conditioning
Gravity sedimentation
Stream discharge

Vacuum Filtration
Land Disposal

Wastewater

pH neutralization
Polymer conditioning
Gravity sedimentation
Municiapl-sewer dis-

charge
Sludge

Pressure filtration
Land disposal
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Sludge samples were collected directly from dewatering systems at each plant,
placed in air-tight plastic bags, transported to the laboratory, and stored at
2-5°C. All samples were examined as received except an aliquot of the sample
collected from plant A3 was air dried to decrease its moisture content, i.e.,
sample A3-2. For comparative purposes, a sample of bauxite was obtained from a
local plant manufacturing standard-grade alum. All sludge samples were analyzed
for aluminum, dry solids, and inert solids in accordance with procedures in
Standard Methods (APHA, 1981).

Experimental Reactor

Initial experimental investigations were conducted with glass beakers which were
mixed but not insulated or heated. Extractions made under these conditions were
incomplete due primarily to extensive heat loss and reduced extraction tempera-
tures. In conjunction with discussions with representatives from numerous manu-
facturers of liquid alum, an alternative extraction system was devised which was
consistent with that used in industry to evaluate bauxite, clay and other materi-
als for production of liquid alum.

The experimental reactor was a 2-L glass beaker with a plastic cover to minimize
moisture loss during reaction. Mixing was achieved with a single-blade Teflon
stirrer attached to a variable-speed motor. The reactor was placed on a hot plate
during an extraction and heated to near-boiling throughout a reaction period.
Sulfuric acid addition was controlled manually using a 100-mL glass burette.
Sample collection and acid addition were achieved through small holes in the re-
actor cover.

Sludge Extraction Procedures

To examine the potential for production of liquid alum from a sludge, dry and in-
ert solids contents were determined. An aliquot (e.g., 20 g) was dried at 103°C
for 24 h to determine dry solids and then combusted at 550°C for 0,5 h to deter-
mine inert solids. Inert solids were measured since previous data (Saunders,
Sezgin and Kutz, 1982) indicated that they best represented the aluminum content
of aluminum-anodizing sludges. Aluminum composition was determined on each sample
using atomic absorption spectroscopy (APHA, 1981). Prior to aluminum analysis,
sludges were extracted by repeated acidification to pH 2 with nitric acid and
boiling until all solids were solubilized.

The initial step in an extraction process was to determine the quantity of sul-
furic acid to be added to a sludge sample. Using inert solids as a measure of
Al(OH)a content (Saunders, Sezgin and Kutz, 1982), acid requirements were estimat-
ed using the following stoichiometric equation:

2A1(OH)3 + 3H2SO4 •>- A1 2(SO 4) 3 + 6H2O (1)

A 10 percent reduction in sulfuric acid was usually made to avoid formation of an
excessively acidic product.

To initiate an extraction, the reactor system was placed in a vented hood, a pre-
determined mass of wet sludge was placed in the reactor and acid addition was
initiated. Due to the vigorous nature of the reaction, acid addition was re-
stricted to flows of _<15 mL/min. An excessive rate of acid addition resulted in
production of excessive quantities of foam which would overflow the reactor. Slow
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addition of acid decreased the rate of foam production and minimized overflows.
Within five minutes of initial acid addition, stirring at 15 rpm was initiated.
Temperatures of extraction mixtures were maintained at approximately 100°C (i.e.,
near boiling) for the duration of an extraction using a hot plate.

Following acid addition and Initial mixing of an extraction suspension, 15-mL
samples were collected and immediately filtered through a 0.45 vim glass-fiber
filter. Filtrates were analyzed for free acid to determine the progress of the
reaction. When free-acid content was less than approximately 0.1%, extraction was
terminated. The contents of the reactor were then stored for further analysis.

EXPERIMENTAL RESULTS

jj]udge Characteristics

Dry solids and aluminum content values for sludge samples investigated are pre-
sented in Table 2. The dry solids content of the sludge sample from plant A2
(i.e., sample A2) was higher than that for the unaltered sample from plant A3 (i.e.,
sample A3-1) and was higher than typical values for sludges produced by similar
plants (Saunders, Sezgin and Kutz, 1982; Saunders and others, 1983). This was
attributed, in part, to the manner in which spent finishing solutions were treated
at plant A2. Segregated neutralization of spent caustic etch and anodize acid
results in formation of crystalline precipitates of aluminum oxides and hydroxides
(e.g., pseudo-boehmite, boehmite and nordstrandite). Dewatering properties of
these crystalline forms are much improved over those for amorphous aluminum-
hydroxide precipitates formed under conditions typical of those used in neutraliza-
tion of combined aluminum-anodizing wastewaters. Specifically, sludges composed
of these crystalline forms have been dewatered using conventional means to form
sludge cakes with dry solids contents as high as 30 to 50 percent (Saunders,
Sezgin and Medero, 1982; Saunders and others, 1983). Therefore mixing of sus-
pensions formed by conventional neutralization of combined rinsewaters with those
formed by segregated neutralization of spent finishing solutions contributed to
the. higher dry solids content of the dewatered sludge sample from plant A2 over
that for plant A3. To compare the two sludges on a similar basis, a sample of
sludge from plant A3 (i.e., Sample A3-2) was air dried to remove some residual
moisture and increase its dry solids content to a value near that of sample A2.
Dry and inert solids data for samples A2, A3-1 and A3-2 indicated that 20 to 29
percent of the total dry mass was volatilized at 550°C. While the sludge samples
were expected to contain some organic material, the high values for volatile
matter were attributed to the release of water associated with highly gelatinous,
aluminum-hydroxide sludge solids. The bauxite sample had a low moisture content,
that is, 5.2 percent as indicated by a dry solids content of 94.8 percent, and was
composed primarily of inert solids.

Aluminum content values of 33.8 and 35.2 percent for samples from plants A2 and A3
were in agreement with values typical of this type of sludge (Saunders, Sezgin and
Kutz, 1982) and with a theoretical value of 34.6 percent for aluminum hydroxide,
A1(OH)3. The aluminum content of bauxite was significantly lower than that of the
sludge samples, indicating that, on a dry-mass basis, sludge samples contained
more aluminum than bauxite. Furthermore, bauxite typically contains a high
fraction of non-reactive solids which remain after acidic extraction of aluminum
and must be disposed of. The aluminum content of 19.5 percent for bauxite was
therefore consistent with and indicative of a high fraction of non-reactive
solids.
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Sample

A2
A3-1
A3-2
Bauxite

*based

TABLE 2 Characteristics c
Plants A2 and A3

Solids Content

)f sludge samples from
and Bauxite Solids

Dry Inert
(percent) (percent)

21.3
13.5
21.1
94.8

on mass of inert solids

16.8
9.6

15.5
94.4

Aluminum
Content
(percent)*

35.2
33.8
33.8
19.5

In summary, dry solids associated with dewatered aluminum-anodizing sludges con-
tain high levels of aluminum, higher than that for bauxite, and appear to have
potential for use in production of alum. However, the dry solids values of 13.5
to 21.3 percent indicate that the sludges contained high levels of moisture (86.5
and 78.7 percent, respectively) which could dilute the strength of reclaimed alum
products.

Sludge Extraction

The primary objective of acidic extraction of sludge solids was to produce a
liquid alum with the highest strength practical, without exceeding saturation con-
centrations at ambient temperatures. For liquid alum, minimum crystallization
temperature is approximately -16°C for an alum concentration of 8.3 percent (as
AI2O3). Crystallization temperature increases rapidly as alum strength increases,
e.g., at 8.9 percent (as AI.2O3) crystallization temperature is 38°C. For this
reason„ commercial grades of liquid alum are typically marketed at concentrations
of 8.0 to 8.3 percent (as AI2O3).

In establishing the quantity of acid required to extract a sludge, two objectives
were followed: (i) extract all sludge aluminum and (ii) produce an alum with a
strength of 8.0 to 8.3 percent (as AI2O3). In addition, due to its refractory
nature, bauxite was extracted at a high acid concentration and then diluted to 8.0
to 8.3 percent (as AI2O3). Equation 1 was used to calculate the quantity of sul-
furic acid to be added. When sludge water was not excessively high and would
allow it, an alum concentration of approximately 8.3 percent (as AI2O3) was used
in all calculations. As indicated in Table 3, this was theoretically possible
with samples A2 and A3-2 and bauxite, but not with sample A3-1. Due to its high
moisture content and the resulting dilution, a theoretical alum strength of only
5.3 percent (as AI2O3) could be achieved.

Batch extractions were conducted as presented in Table 3. Aliquots of reaction
mixtures were taken periodically to determine the extent of reaction for all
samples except bauxite. Bauxite samples were extremely viscous and could not be
filtered within a reasonable time period. Data for extraction of samples A2, A3-1
and A3-2 are presented in Figure 1. Initial, aliquots were not taken until all
acid had been added and the suspensions were thoroughly mixed. It is apparent
from initial filtrate aluminum concentrations, collected 8 to 10 min after
initiation of extractions, that extraction of aluminum from sludge solids was
extremely rapid. After 45 min the reactions were virtually complete, although
aluminum concentrations were increasing slightly. Although not shown., the bauxite
extraction was completed after a 180-min period of extraction at an elevated acid
strength.
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TABLE 3 Chemical Additives Used in Extraction
of Sludge and Bauxite Samples

Sample

A2
A3-1
A3-2
Bauxite

Estimated
Alum

Concentration

(percent as Al 0,)

8.3
5.3
8.2
8.3

Inert
Sludge
Solids
(g)

168
96

151
83

Extraction
Sludge
Water

(g)

832
904
804
5

Additives
Cone.
H2SO4

(g)

317
181
285
144

Dilution
Water

(g)

0
0
0

566*

*4O6 mL of water added after extraction completed

10

3

!

3 4

<

20 40 60 80

TIME , MINUTES

100 120 140

Fig. 1. Filtrate aluminum concentration for acidic
extraction of dewatered-sludge samples.
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From Figure 1 and as tabulated in Table 4, it is apparent that the extractions re-
sulted in production of alum products which were in excess of estimated alum con-
centrations (Table 3). Production of alum products with higher concentrations
than initially estimated was attributed to evaporative losses during extraction
and over-estimation of available sludge water through use of inert solids content
in acid-dose calculations. Due to the high alum concentrations, extracted alum
products from sludge samples contained free aluminum concentrations of 0.5 to 0.6
percent while that produced from bauxite had an alum concentration essentially
equal to the estimated value.

TABLE 4 Composition of Extracted Alum Products

Sample

A2
A3-1
A3-2
Bauxite

Aluminum Concentration
(percent as A12O3)

Estimated*

8.3
5.3
8.2
8.3

Measured**

8.9
5.8
8.4
8.4

Free
Aluminum

(percent as A12O3)

0.6
0.5
0.6
0.04

*From Table 3
**Measured after completion of extraction

In summary, from data presented above it is apparent that sludge samples from
aluminum anodizing plants were readily extracted with stoichiometric addition of
sulfuric acid within a maximum of 2 h. Sludge samples were, in addition, more
easily extracted than bauxite, the common source of aluminum for alum production.
The quality of the alum extracted from sludges was of commerical strength when
sludge moisture did not dilute the final product. Data presented elsewhere, in
addition, indicate that the extracted alum products were of acceptable quality
with respect to contaminant metals (Saunders, Sezgin and Kutz, 1982; Saunders and
other, 1983).

DISCUSSION

In examination of data for extraction of aluminum from aluminum-anodizing sludges,
it is appropriate to examine requirements for the extraction in greater detail.
Saunders, Sezgin and Kutz (1982) indicated that inert solids contained in aluminum-
anodizing sludges typically contain an average of 34.8 percent aluminum and are
therefore best represented by the formula A1(OH)3. When considering the extrac-
tion of wet sludge solids, the reaction presented in Equation 1 can be expanded
to include sludge water as follows:

A1(OH)3 + x H20 + 1.5 H2SO4 •+• 0.5 A12(SO4>3 + (3 + x) H20 (2)

where x is the molar quantity of water associated with wet sludge solids. Sulfuric
acid requirements are 1.8 kg/kg of inert sludge solids and alum production rates
are equal to 0.72 kg Al2O3/kg of inert sludge solids. Since the composition of
commercial-grade liquid alum is approximately 8.3 percent (as AI2O3), calculations
based on Equation 2 indicate that a sludge containing a minimum of 16.8 percent
inert solids, i.e., A1(OH)3, is required to produce an acceptable commercial-
strength liquid alum. Furthermore, since dry solids in aluminum-anodizing sludges
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are approximately 70 to 80 percent inert, a realistic estimate for minimum solids
concentrations required to produce liquid alum is a dry solids concentration of
21 to 24 percent.

Data presented in Tables 3 and 4 for sludge samples A2 and A3-2 indicated that
commercial-strength alum could be produced with sludges containing inert solids of
16.8 and 15.5 percent, respectively, and total solids of 21.3 and 21.1 percent,
respectively, These measured values, in conjunction with calculations above,
strongly indicate that sludge solids concentrations in excess of 21 percent are
required to effectively produce liquid alum from conventional aluminum anodizing
sludges. The quantity of water associated with sludges at lower solids concentra-
tions result in production of a dilute product, as indicated by the results for
sample A3-1.

A study conducted by The Aluminum Association, Inc. indicated that dewatered, con-
ventional, aluminum-anodizing sludges had dry solids contents of 7.4 to 20 percent
and laboratory data indicated a range of 8.5 to 20.1 percent solids (Saunders,
Sezgin and Kutz, 1982). These data therefore strongly indicate that reclamation
of aluminum-anodizing sludges as liquid alum must be accompanied by reduction in
sludge moisture content. Data presented for dewatered sludge solids from plant
A3 are typical in this regard. Dewatered sludge solids produced at the plant
(i.e., sample A3-1) were amenable to acid extraction and produced an alum of
acceptable quality which was, however, below commercial strength. Upon drying, a
process not considered to be economically realistic for full-scale application,
the sludge solids were used to produce an alum of acceptable commercial strength.
Therefore, when efficient dewatering equipment is installed or waste treatment
procedures are implemented to improve sludge dewatering properties, alum pro-
duction by direct acid extraction will be a feasible alternative to land disposal
of dewatered sludge solids.

CONCLUSIONS

From the data presented above, the following conclusions can be made.

(1.) Aluminum-hydroxide solids contained in dewatered sludges from aluminum-
anodizing plants can be successfully extracted with sulfuric acid to produce
liquid alum.

(2) Sulfuric acid requirements for the extraction of dewatered sludge solids can
be estimated to be 1.8 kg/kg inert solids, assuming a stoichiometric reaction
with Al(0H)3, as measured by inert sludge solids.

(3) Acidic extraction of wet dewatered sludge solids proceeded rapidly in the
Initial 10 min of extraction and was virtually complete within 45 min.

(4) Production of commercial-strength liquid alum can theoretically be achieved
with dewatered sludges containing 16.8 percent inert solids. Experimental
data confirmed theoretical values, in that sludge samples with inert solids
of 15.5 to 16.8 percent could be extracted with sulfuric acid to produce
commercial-strength alum.

(5) Since inert solids constitute 70 to 80 percent of total solids, a minimum dry
solids concentration of 21 to 24 percent is required to produce commercial-
strength alum from conventional, aluminum-anodizing sludge.

(6) Use of improved dewatering equipment or alternative processes for precipita-
tion of waste aluminum to improve sludge dewatering properties must be
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implemented to produce sludges of sufficient solids content to warrant
successful production of liquid alum from aluminum-anodizing sludges.
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ABSTRACT

The application of radiation hygienization of sludges in sewage works
can be affected by secondary effects of this process. The change of
the colloidal system of liquid sludges by irradiation results in an
improvement of their thickening capacity, but at the same time pro-
duces an increase in the demand for polymer flocculants for the
conditioning of sludges prior to their dewatering. The irradiation
dose of 3 kGy decreases the concentration of Salmonella senf. by at
least 6 orders, and at the same time the reinfection of the sludges
by prolonged storage is suppressed. Two years of field tests showed
higher potato and barley yields with irradiated sludges compared with
non-irradiated sludges. The economic evaluation demonstrated under
Czechoslovak conditions the suitability of the use of electron accel-
erators as radiation sources and the introduction of ionizing
radiation behind the mechanical sludge dewatering process.

KEYWORDS

Sludge hygienization; ionizing radiation; physical properties of
sludge; thickenability of sludge; dewatering characteristics;
fertilizer value; economical evaluation; Czechoslovakia.

INTRODUCTION

The Working Group on Sewage Sludge Applied to Land of the European
Office of the World Health Organization met in Stevenage in 1981 and
issued conclusions and recommendations for disinfection of sludges
before their agricultural use (WHO, 1981). Among the hygienic mea-
sures ionizing radiation seems to be very promising considering the
present energy shortages and environmental pollution. Ten years of
successful operation of the Geisebullach plant for sludge irradiation
in the GFR (Motsch and Suss, 1973) and also sludge irradiators in
Albuquerque (Sandia, 1978) and Deer Island (Trump et al., 1976) USA
paved the way for introducing this new hygienization method into
sludge technology.
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There is increasing interest in Czechoslovakia to use sludge as a
soil conditioner and fertilizer. Since 1981 a program has run with
the aim of discovering the optimal conditions for the implementation
of radiation hygienization of sludge for soil applications. The
majority of waste water treatment plants in Czechoslovakia suitable
for the installation of radiation hygienization use anaerobic diges-
tion of sludge. For this reason we concentrate our attention mostly
on this type of sludge.

The object of the study was the complex evaluation of the suitability
and effectivity of using the process of ionizing radiation for the
disinfection of digested sludges and its technico-economical evalua-
tion from the aspect of optimizing its introduction into sludge
treatment and disposal in sewage works. The experiments carried out
served to evaluate the effect of radiation on:

a) the physical properties of liquid sludges affecting their pre-
treatment (thickening, conditioning) prior to mechanical dewatering;

b) the decrease of the pathogen content in sludges with simultaneous
testing of their reinfection;

c) the utilization of sludges as fertilizers in crop production.

MATERIALS AND METHODS

Sludge Samples. For the tests samples of raw, activated and digested
sludges from the mechanico-biological sewage works in Prague and Rez
were used.

Ionizing radiation sources. As sources of ionizing radiation Co 6 0

(with an activity of 440 TBq and an input dose of 1 kGy/h) and a
linear microwave electron accelerator (with an energy of 4 MeV and
output 1 kW) were used.

Polymer flocculants. Cationic high-molecular flocculants of Praestol
type with varying ionogeneity and molecular weight, manufactured by
Chemische Fabrik Stockhausen Krefeld, were used.

Analytical methods. The analytical methods used in the sludge
analyses were mostly those given in Standard Methods, 1980, with the
exception of some technological tests such as thickening tests
(Yoshioka §_t al., 1957; Konic'ek, 1970), sludge filtrability
(Baskerville and Gale, 1968; Dohanyos et al., 1976; Sedlacek et al.,
1982), flocculating tests (Leschber and Nieraitz, 1976; SedlacW,
1983) and determination of particle size (Leschber and Haacke, 1975).

RESULTS

physical sludge properties

Thickening. A series of static thickening tests of digested sludges
were carried out in cylinders of plexiglass of 1 m depth and diameter
of 0.06 m, using both non-radiated sludges and sludges irradiated
with a dose of 1.5 and 3 kGy, respectively (1 kGy = 1 kj/kg). To
obtain various initial dry matter concentrations of sludge these
samples were diluted with sludge liquor (again both non-irradiated
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irradiated), The results of observations of the changes of
the water-sludge interface with time were graphical recordings of the
thickening curves. From these curves the thickening rates for the
initial sludge concentration were determined from the maximum grad-
ient of the curves.

In Table 1 the free sedimentation rates for the maximum concentration
of the thickened sludges Co = 41.5 kg/m3 are compared. At the same
time the values q 0 (kg/m

2.h) are calculated from the equation
<3o = (1)

where:

- the passage of the particles through a given profile (surface
load) (kg/m2.h>;

- concentration of sludge dry matter (kg/m3);

- thickening rate of a sludge with a concentration of c 0 (m/h).

TABLE 1 Effect of Ionizing Radiation on Sludge Properties

Irradiation
dose

D (kGy)

Thickening rate

u (m/h)

Surface load

__g (kg/m2.h)

0
1.5
3.0

0.010
0.014
0.016

0.42
0.58
0.66

In Fig. 1 the obtained q 0 values are plotted vs cQ for the different
sludge concentrations and irradiation doses.

Then the maximum mass load (qk) for the concentrations of the
thickened sludges (ck) were evaluated from the particle flow (mass
flow) curves by a graphical method. The results obtained for the
concentration of 50 and 60 kg/m3 of the thickened sludge are shown in
Table 2.

Filtrability. The improvement of the sludge dewatering capacity
(filtrability) measured by the CST method in relation to the
irradiation dose was observed in sludge samples designed for the
technological thickening tests. Similar relationships of filtrability
variations (measured by CST values and specific filtration resistance
values - SFR) were observed for a greater range of irradiation doses
and different types of sludges. For example in Fig. 2 the specific
filtrability (CST) is plotted against irradiation dose for digested
sludge. The specific filtrability CSTS(s.m3/kg) is here defined by
the equation

CSTm - CST,.
CST., (2)

where:

CSTm - the CST value measured in the suspension sample (s);
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Fig. 1. Curve of mass sludge flow
with various irradiation doses

TABLE 2 Effect of the Ionizing Radiation Dose
on the Mass Load in Thickening Tanks

Mass load q (kg/m2.h)

Irradiation
dose

D (kGy)

S1udge
concentration
ck = 50 kg/m

3

Sludge
concentration
c^ = 60 kg/m3

0
1.5
3.0

0.56
0.93
1.03

0.50
0.87
0.93

CSTf - the CST value measured in the filtrate of the suspension
without filter resistance of the sludge cake (s);

c - dry matter concentration of the suspension solids (kg/m3).

Parallel measurements proved that the sludge filtrability variations
are not dependent on the dose intensity within the range of 0.2 - 2.2
kGy/h, but only on the irradiation dose. A lowering of the
filtration resistance and CST was achieved even with irradiation with
an electron accelerator and dose intensity of 15 kGy/h.
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Fig. 2. Effect of ionizing radiation on the
filtration properties of digested sludge

Conditioning. The optimal polymer flocculant dose for the improve-
ment of"'the physical sludge properties (especially filtrability) was
determined by a modified flocculation test (Sedlacek, 1983). The
optimal type of flocculant (a high-polymer cationic flocculant with
60% of hydrolyzed charge and molecular weight of 5xlO6) was selected
in advance for the sample of non-irradiated sludge. The dependence of
the filtrability measured by the CST method on the flocculant dose, d
(g/kg of dry matter) for irradiated as well as non-irradiated sludges
is graphically illustrated in Fig. 3. Similar or identical relation-
ships were also shown with other types of cationic flocculants with
an ionogeneity of 30 - 70% and molecular weight of 3-8 x 106.
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Influence of the flocculant dose on sludge f i l t r a b i l i t y

Par t ic le size analys is . Analysis of the pa r t i c l e size measured by
wet screen analysis showed, in sludges i r radia ted with a dose of
3 kGy, a decrease in the number of pa r t i c les in the interval from
0.063 to 0.1 mm (from 12.7% to 3.1%) with a simultaneous increase in
the number of pa r t i c les in the interval between 0.032 - 0.063 mm
(from 4.6% to 11.4%).

The SalmonellaMicrobiological invest igat ions .
waste sludges i s usually 6 - 8 orders of magnitude lower

concentration in
than the
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total amount of micro-organisms. The determination of the changes in
the natural Salmonella concentration with the dose is therefore
practically not feasible. For this reason the anaerobic stabilized
sludge from the Prague sewage works was contaminated with Salmonella
^enf. in such a way that the initial concentration was of the order
lO-8" in 1 g of native sludge. The sludge was then dewatered after
adding 3 g/kg of dry solids of polymer flocculant Praestol 333 K
under negative pressure through a Biichner funnel with filter paper.
The dewatered sludge cakes were divided into 6 parts that were
irradiated with doses of 0.5, 1.0, 3.0 and 4.5 kGy, respectively.

The concentration of Salmonella was analysed immediately after
irradiation and then after a subsequent 10-day incubation (Table 3).

TABLE 3 Influence of the Irradiation Dose
on the Salmonella senf. Number

Sample
type

Cake

Irradiation
dose (kGy)

0
0.5
1.0
3.0
4.5

Qualitative
investigation

positive
positive
positive
negative
negative

Number
senf

After
irradiation

32x107
15.5xl04

5xl03

0
0

of Salmonella
. organisms

After irradiation
and 10 days
incubation

0.165x107
1.42x10*
0.9X103

0
0

Filtrate positive

In the following test the anaerobic stabilized sludge was irradiated
with a sterilization dose of 25 kGy and reinfected with Salmonella
senf. to a concentration of 108 organisms in 1 g sample. The sludge
samples were then left standing in a beaker covered with aluminium
foil for 2 months at room temperature. The investigation of these
samples for the number of Salmonella was carried out on the 1st, 21st
and 63rd day after infection. The test results are shown in Table 4.

TABLE 4 Influence of Sample Storage Time on
Salmonella Reinfection

Storage time
after infection

(day)

Total
number of

micro-organisms

E.coli Basic media Salmonella senf.
NumberQuality

1
21
63

Prior to
infection 105

sporulates positive 6
sporulates positive 5xl(P
sporulates negative 0

sporulates negative 0
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Soil mineralization of sludge organic matter. Three types of sludge
(raw liquid, liquid digested and mechanical dewatered digested) were
irradiated with a dose of 3 kGy.

The quantities corresponding to 0.1 g of dry matter of raw sludge and
0.5 g of dry matter of liquid and dewatered sludge were mixed either
with 20 g of standardized soil (rendzina) or with 18 g of sand. The
O2 uptake, CO2 evolution and nitrogen content were estimated by
standard techniques. The Og uptake for irradiated and non-irradiated
sludge with soil and sand is graphically demonstrated in Fig. 4 and
Fig. 5.

ml 0r

ig. liquid

g. dewat.

40

ml 0,

30

20

10

120 time (h)

Pig. 4. Oxygen uptake for soil and sludge (arrows indicate which
axis applies; dashed lines represent irradiated sludges and

solid lines represent non-irradiated sludges)

ml 0,.
• raw

•dig. liquid

:dig. dewat.

ml 0,

30

20

10

80 120 time (h)

Fig. 5. Oxygen uptake for sand and sludge
(see Fig. 4 for explanation)

.JUST AMSTERDAM 2 - 1
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The respiration coefficients expressed as the ratio of CO2 evolved to
O2 consumed and also the nitrogen balance showed no difference
between the irradiated and non-irradiated samples independent of sand
or soil mixture.

Fertilizing value

In a two-year period precise field vegetation tests were carried out
comparing the effectiveness of dewatered digested sludge. The area of
the crop plots was 25 m 2 . In the first year the test crop was
potatoes of the Nora variety and in the second year spring barley of
the Korcll variety. A total of five combinations of fertilizing with
quadruple repetition was carried out for comparison (Table 5).

TABLE 5 Fertilizer Combinations - Field

No. of
combination

1
2
3
4
5

Vegetation Tests

Fertilizer type

not fertilized
manure
manure
non-irradiated sludge
irradiated sludge

Dose
(t/ha)

0
35
35
35
35

Synthetic
fertilizer

+

The digested sludge was dewatered on belt press filters after adding
the polymer flocculant in a dose of 3 g/kg of dry matter. The
irradiation dose for dewatered sludge was 3 kGy. The organic content
and macrocomponent content in the fertilizers used can be seen in
Table 6.

TABLE 6 Chemical Analysis of Fertilizers Used

Fertilizer type

manure
non-irr. sludge
irr. sludge

Dry matter

22,
30.
29.

,5
,0
,3

Organics

15,
11,
10.

,9
.1
.7

Total N

0.
0.
0,

.66

.96

.88

P2

o 
o 

o

05

)

38
50
47

K

1
0
0

20

.22

.12

.12

PH

8.4
8.5

The dose of pure nutrients from the calculated
fertilizers (35 t/ha) are indicated in Table 7.

TABLE 7 Doses of Pure Nutrients

values of organic

Fertilizer type

manure
non-irr. sludge
irr. sludge

Organic matter
(t/ha)

5.6
3.9
3.7

Pure
N

23l
336
308

nutrients
P2O5

133
175
164

(kg/ha)
KRO

297
42
42
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The soil for the field test was of average type, with slightly acid
soil reaction, small phosphorus supply, average potassium supply,
satisfactory magnesium supply and low humus supply. The fertilizers
were tilled in spring prior to planting the potatoes. The yields
of both potatoes and barley (in grain and straw) from both years are
given in Table 8.

TABLE 8 Yields Obtained in the Field Vegetation Tests

Year
Crop

1st year
potatoes

2nd year
barley
grain

2nd year
barley
straw

Indicator

Yield (t/ha)
Yield order
Relative comp. (i

Yield (t/ha)
Yield order
Relative comp. n

Yield (t/ha)
Yield order
Relative comp. n

Fertilizer combination

1

32,
5

I) 100

3,
5

i) 100

3,
5

i) 100

.8

.5

.9

2

40.8
4

124.4

4.6
4

131.1

5.2
4

135.8

3

41.8
2

127 .4

5.7
2

160.6

6.7
1

175

(see Table 6)

4

38.3
3

116.8

5.7
3

159.1

6.2
3

160.5

5

42.6
1

129.9

5.8
1

164.3

6.4
2

165.2

ECONOMIC ASPECTS

Recently, the prices of suitable isotope sources (cobalt-60, cesium-
137) imported from the U.S.S.R. substantially rose in Czechoslovakia.
With regard to this situation, and with respect to the fact that
irradiation is more economical in the case of sludge with a higher
dry matter content (Brandon, 1978), the use of an electron acceler-
ator as a radiation source seems to be a better solution (Nat. Sci.
Found., 1977). For the dewatering of sludges belt press filters are
often used and sludge is produced in the form of a sheet with
variable cake thickness of several millimeters.

On this basis the economic evaluation and cost analysis are presented
in Table 9. Two considered accelerators represent roughly the
maximum and minimum costs for sludge hygienization by accelerated
electrons in Czechoslovakia.

DISCUSSION AND CONCLUSION

The surface load in the thickening tanks due to suspended solids is
dependent on the concentration of the thickened sludge. From the
results of the thickening tests (Fig. 1 and Tables 1 and 2) it is
evident that the thickening rate of digested sludges is increased
with the dose of ionizing radiation. With a dose of 1.5 kGy this
increase in the thickening rate is 35%, with a dose of 3 kGy, 57% in
comparison with the non-irradiated sludges. The result of the
increased thickening rate is also an increase in the values of
maximum surface load in the thickening tanks. For a concentration of
60 kg/m3 of digested sludge the load is higher by 74% with a dose of
3 kGy than with non-irradiated sludges. These results are in good
agreement with the results of Groneman (1975, 1977, 1978).
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TABLE 9 Cost Analysis for Dewatered Sludge Hygienization
by Accelerated Electrons (25% dry matter content)

Accelerator type TESLA CSSR ELV-2 U.S.S.R.

Electron energy max.
Thickness of sludge cake
Electron beam efficiency
Power output
Operation hours per year
Operation dose
Throughput of sludge per hour
Throughput of sludge per year

Accelerator depreciation
Building and equipment
Electric power consumption
Water consumption
Wages
Maintenance

MeV
mm
%
kw

kGy
m 3
ir.3

Kcs/m3

Kds/m3
Kcs/m3
Kcs/m3

Kcs/m3
K£s/m3

4.0
12
40
1.0

4000
3
0.48

1920

104
39
20.8
0.5

62.5
36.5

1.5
3.8
40
20

4000
3
9.6

38400

10.5
4.6
2.6
0.4
6.3
1.8

Total costs KCs/irr 263.3 26.2

The improvement of the physical sludge properties due to irradiation
manifesting itself in the intensification of the thickening process
should also improve dewatering properties of the sludges (Sandia,
1977). The results of specific filter resistance measurements as well
as CST values of the irradiated sludges confirm this with lower meas-
ured values of these parameters than non-irradiated sludges (Fig. 2).
The subsequent optimization tests of the chemical sludge pretreatment
with polymer flocculants, however, did not show the assumed decrease
of the necessary flocculant dose for sludge conditioning prior to
their mechanical dewatering. As can be seen in Pig. 3, on the
contrary, the optimal dose of polymer flocculant increases with the
sludge irradiation dose. This increase of the dose is here very
marked, e.g. for 1.5 kGy by about 60%, for 3 kGy by about 90%. The
effect of ionizing radiation hence manifests itself by an improvement
of the electrical charge conditions of the sludge while simulta-
neously affecting the colloidal sludge parameters, i.e. especially by
increasing the specific particle surface (demanding a higher floc-
culant dose for sludge flocculation). This conclusion was also
confirmed by analysis of the particle size. The tests further con-
firmed the independence of the changes in physical sludge properties
to the dose intensity and the type of ionizing radiation.

The concentration of the pathogens (Salmonella senf.) rapidly de-
creases with the radiation dose, and with a dose of 3 kGy they are no
longer demonstrable. Ten days after irradiation of the dewatered
sludges no increase of the Salmonella senf. concentration was
observed in infected samples irradiated with the lower dose. As
Brandon (1978) reports, the dose of irradiation decreasing the
Salmonella concentration by 1 order (1 log) - Dlo is equal to 0.45

The dose of 3 kGy thus decreases the " ^__
orders, which for normal sludges

kGy
at least 6

kGy.
tration by
sufficient, A test with subsequent reinfection of irradiated sludges
with a sterilization dose of 25 kGy demonstrated the inhibition

Salmonella senf. concen-
quite
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effect of these sludges on the Salmonella senf. organisms. In these
sludges a complete disappearance of these micro-organisms was
observed after two months.

No difference in O2 uptake exceeding the experimental error was found
between the irradiated sludges mixed with soil (Fig. 4). However, in
the sludge mixtures with sand, irradiation always diminished the rate
of 0? uptake (Fig. 5). This effect was the clearest in the case of
dewatered sludge. Regardless of the slightly higher values for sand-
sludge mixtures compared with soil-sludge mixtures there were no
significant differences between irradiated and non-irradiated sam-
ples. The sludge mineralization rate is not influenced by the dose
of 3 kGy if the treated sludge is applied to soil containing a usual
bacterial population. No substances negatively influencing the micro-
organisms participating in the mineralization of the sludge organics
are formed during the sludge irradiation with a dose of 3 kGy. On the
other hand, the irradiated sludge, if applied to a medium containing
no or few micro-organisms has a distinctly lower mineralization rate
than the non-irradiated sludge. This must be taken into account and
respected if irradiated sludge is destined for application on very
sandy land or recultivated areas with no humus content.

The two-year field vegetation tests comparing the effects of irrad-
iated and non-irradiated sludges confirmed the conclusions of some
previous studies in this field (Lessel et al_̂ , 1978; Kirkham and
Manning, 1979). Fertilizing with irradiated sludges resulted in the
first year in a higher potato yield (of 11.2%), which was also
confirmed statistically. In the second year, a higher barley yield
was also observed; grain increased by 3.2% and straw by 2.9%.
Comparable effects were achieved when fertilizing with manure and
irradiated sludges. The use of sludges did not adversely affect the
soil reaction, on the contrary a trend was observed of an increase in
phosphorus supply. In the case of potassium and magnesium supplies,
the effect of the sludges used was not practically compared. The
increase of humus content in the combinations of the sludges used
should also be mentioned.

The main objective for irradiating sludges is their hygienization.
The majority of pathogens in sludges are sessile on solids particles.
The energy of ionizing radiation absorbed in the water phase is lost
for hygienization purposes. For economic reasons it is therefore
advantageous to hygienize sludges using irradiation with the highest
possible amount of dry matter. The favourable effect of ionizing
radiation on the improvement of the thickening properties of sludges
is quite suppressed by the disadvantage of increased costs for the
sludge conditioning prior to mechanical dewatering. From the economic
point of view it seems useful to introduce radiation hygienization of
sludges into the technology of sludge management behind the process
of mechanical dewatering. The economic analysis also showed the
suitability of using electron accelerators for conditions in
Czechoslovakia.
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ABSTRACT

Research at pilot-scale was undertaken Into autothermal aerobic digestion of
sludge using oxygen to demonstrate that sufficiently high temperatures can be
achieved to ensure the degree of disinfection that would satisfy the health
authorities. The ova of the helminth Ascaris lumbricoides were used in the
disinfection studies and the dissolved oxygen level in the sludge was used as a
means of controlling oxygen consumption.

The results achieved indicate that the system very rapidly attained a stable
temperature which could be easily maintained and which effectively ensured
disinfection of the sludge at the 2 and 4 day retention periods tested, that
the treated sludge readily ferments anaerobically, that the sludge will not
readily settle and is very difficult to dewater.

KEYWORDS

Disinfection; Vitox oxygen injection; dissolved oxygen control; Ascaris ova;
fermentability; stability; dewaterability; odour release.

INTRODUCTION

Throughout the world today considerable attention is being given to the
treatment and disposal of sludge resulting from the purification of domestic
wastewaters. In South Africa, there is no doubt that this question has become
one of the major problems facing local authorities.

Sewage sludge contains Inert particulate matter, oxidisable organic matter
(particulate and dissolved), nutrients, trace elements, a variety of persistent
substances and a range of pathogenic and non-pathogenic micro-organisms. The
organic matter in sewage sludge is a valuable soil Improver and in addition to
the organic matter the sludge contains substantial amounts of nitrogen,
phosphorus, calcium and magnesium and trace elements which are of value to
agriculture. However, its universal use 1n agriculture and horticulture
carries with it certain risks to public health. Oberholster (1983) states
that South Africa does not differ from any other part of the world, in its
concern about the health aspects of the disposal and use of sewage sludge and
its consequent control and that due to our agrarian way of life, the incidence
of ascariasis in the population is high.

563
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As the ova of Ascaris lumbricojdes appear to be highly resistant, their presence
may be a useful indicator of the hygienic quality of treated sewage sludge under
South African conditions.

Not all countries have adopted the strict guidelines adopted by South Africa
where sludge is disposed of to land. In the United Kingdom for example, where
the pathogen position is different to that in South Africa, Coker (1983) reports
that sludge has been used for market gardening and vegetable growing. Disposal
policy in the United Kingdom is, however, steering sludge utilisation away from
these outlets toward grain crops and grainland where any possible health hazard
due to pathogens is remote. In the Federal Republic of Germany, on the other
hand, Strauch (1983) reports that it is expected that in the near future, sludge
which is not disinfected will no longer be permitted on pastures and on arable
land for the production of forage.

The Guidelines for the utilisation of sludge In South Africa, presented by
Oberholster (1983), do not permit the use of raw sludge in agriculture.
Secondary sludge (e1, digested sludge) may not be used on tuberous or bulbtype
or low growing vegetables exposed to contamination nor on lawns (except at
planting), forage for animals, sports fields or public parks. Use is permitted
for crops not eaten raw by humans, (eg. sugarcane), and for parks and sports
fields during development only. Tertiary sludge, (I.e. secondary sludge having
been matured on drying beds more than 90 days; raw, primary or secondary sludge
composted at 50°C - 65°C according to accepted criteria or sludge pasteurised at
less than 80°C) may be used on vegetables only If pathogen free i.e. no E. coli,
Ascaris lumbricoides ova or pathogenic viruses in lOOg of sludge. Its use Is
unrestricted for other crops If well mixed with the soil, but it is not permit=
ted as a top dressing such as on lawns. Sludge which has received advanced
treatment (i.e. irradiation or high temperature treatment (150° - 230°O) may be
used without restriction.

These guidelines give a clear indication of the degree of treatment required
before sludge may be used in agriculture and horticulture and are particularly
severe in regard to the presence of the very resistant ova of the parasitic
roundworm Ascaris lumbricoides. The guidelines do not take into account the
potential health hazards due to heavy metals and other toxic substances and
relate principally to the hygienic quality of the sludge.

Due to the stringent health requirements and the lack of suitable disposal
options, many of the municipalities are forced to dispose of sludge on the site
of the sewage works.

In order to assist with the problems of local authorities in this respect the
Water Research Commission embarked upon a programme of national research in this
field. One of the research projects undertaken with the City Council of
Johannesburg involved research into the effectiveness of autothermal aerobic
Hi'-̂ t.i."-! in terms of the inactivation/destruction of selected micro-organisms.

ftTMS AND OBJECTIVES

In 'eneral terms, the aim of the three year programme of research into pilot
scale autothermal aerobic digestion of sludge using oxygen, was to demonstrate
that the process can be used successfully to disinfect sewage sludge.

Specifically, the objectives were to:

Demonstrate that sufficiently high temperatures can be achieved with
typical wastewater treatment sludges to ensure the degree of
disinfection that would satisfy the health authorities.
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To establish minimum practical retention periods for the process.

To assess the significance of such operational problems as dissolved
oxygen control, temperature control and adequate mixing.

To establish the stability, fermentablity, odour release and
dewaterability of the disinfected sludge.

AEROBIC AND AUTOTHERMAL AEROBIC DIGESTION

Sludge stabilisation, whether by aerobic or anaerobic means is primarily to
render the sludge more suitable for disposal by making it less odourous and
putrescible, and to reduce the solids content and pathogen content. Aerobic
digestion involves the direct oxidation of biodegradable matter by the
biologically active mass of organisms and oxidation of microbial cellular
material. Assuming that the formula C5H2NO7 Is representative of sludge
organic matter, then the sol utilisation and oxidation of the organic matter may
be presented by the following equation, (Matsch and Drnevich, 1977; Booth and
Tramontini, 1983):

C5H7NO2 + 50j -*-5C02 + 2H2O + NH3 + Energy (1)

Where nitrification occurs the equation would be (Matsch and Drnevich 1977):

C5H7NO2 + 7O2_a.5CO2 + 3H2O + NO3 + H+ + Energy (2)

Both equations indicate an energy release, part of which is used for microbial
cell growth and maintenance. From equation (1) Matsch and Drnevich (1977)
calculated that the theoretical oxygen demand per kg of organic matter
(biodegradable volatile suspended solids) oxidised is 1,4 kg O2, and for
equation (2), the theoretical oxygen demand is 1,98 kg 02/kg biodegradable
volatile suspended solids oxidised.

They stated further that at operating temperatures above 40°C nitrification will
be totally inhibited with the result that equation (1) would more adequately
describe the process of authothermal aerobic digestion.

Jewell and Kabrick (1980) stated that the conversion of organic matter to new
cell material is not 100% efficient, and some of the energy is released as heat
into the environment. When sufficient organic matter is present and efficient
transfer of the oxygen to the liquid sludge takes place then the temperature of
the mass increases. They give a relationship for the estimation of biological
heat generation as follows:

AF = 3,5 ACOD (3)

where A F is the total heat released in kilocalories per litre and COD is the
measured change in COD in grams per litre. These units are convenient in
estimating liquid temperature change because the heat released, expressed as
kilocalories per litre, is equal to the temperature change. This simplified
equation is then modified by Jewell and Kabrick (1980) to take into account that
approximately 30% of the biological heat of oxidation is lost in the system and
becomes:

AT = 2,4A COD (4)

With an Influent COD of 50 g/1 for example, and COD reduction of 35%, the
expected increase in temperature is 42°C which will raise the temperature from
an influent temperature of 18°C to 60°C.
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In order for the system to function, it is essential that good mixing takes
place and the required amount of oxygen must be transferred from the gas to the
sludge. Matsch and Drnevich (1977) show that as the influent biodegradable
volatile suspended solids concentration increases, so the operating temperature
increases. However, a limiting temperature is reached when heat input equals
heat output or when oxygen transfer becomes limiting or when the system reaches
a temperature which is limiting on the aerobic organisms themselves.

MATERIALS AND METHODS

The pilot scale digester (Fig.l) consisted of a lOm^ steel tank (8m3 liquid
volume), fully insulated with a 50mm layer of polystyrene. Mixing of the
digester contents was achieved solely by the mixing action of the sludge recycle
system. Sampling points were provided for both sludge and head gas analyses
while temperature and dissolved oxygen concentration of the digester contents
were continuously monitored by means of an Orbisphere dissolved oxygen/
temperature meter and the results plotted by means of a chart recorder. The
dissolved oxygen readings were also transmitted to the control panel where they
were used to control the oxygen input to the system via the patented Vitox
oxygen injection system supplied for the duration of the study by AFROX LTD.

This system was chosen for both the supply and control of oxygen to the pilot
digester as it was felt that it would provide a more accurate measure of oxygen
requirements when compared with head gas monitoring. The method of operation
was to withdraw a stream of sludge from the pilot digester and pressurize it to
approximately 200 kPa. Oxygen was then injected Into the sludge and the
mixture then piped back to the digester and discharged through a high velocity
nozzle which shattered the undissolved gas bubbles and caused rapid mixing of
the oxygen rich sludge and the contents of the digester.

The Vitox system control panel included an oxygen flow rotameter, solenoid
operated control valves, oxygen hour-run meter and motor hour-run meter. The
equipment installed was capable of a maximum oxygenation capacity 1n excess of
6kg 0g per hour which adequately provided for the peak oxygen demand of the
pilot unit of approximately 100 kg per day at a sludge retention time of one
day. The Vitox unit was rated at this level on practical grounds as a
reduction in sludge recycle pipe size below 50mm diameter led to blockages at
the venturi. The sludge recycle pumping rate was set at approximately 9 litres
per second in order that the required system head loss of 200 kPa and velocity
of 4- 5 metres per second could be achieved.

The sludge used for experimental purposes was screened to give a maximum solids
size of 10mm diameter and then stored in a fully mixed tank of lOm^ volume where
it could be fed to the digester on either a continuous or step-feed basis. An
interval of two hours was used 1n all experimental work. The feed pump was
equipped with a variable speed motor which enabled retention times of less than
one day to be achieved in the digester if required.

During experimental runs, digester temperature, dissolved oxygen and sludge feed
rate were monitored continuously. Feed sludge temperature and ambient tempera=
ture were monitored on a four hourly basis, with feed sludge and digester sludge
total solids, volatile solids and pH monitored on a daily basis. Weekly moni-
toring of feed sludge and digester sludge was undertaken for COD (total and
soluble), TKN, NH4, NO3, Phosphorus (total and soluble) and CS7", and on a twice
weekly basis for Salmonella. Ascaris total count and viability.
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FIGURE 1 : Plan view of Autothermal Aerobic Digestion Plant

567

0.0./TEMP
CONTROL-

PLATFOFm

FEED PUMP •

J*^ CONTROL
PANEL f, m>

_ OXYGEN
! SUPPLY
' 1

*- WASTE PIPE

, RECIRCULATION
PUMP

.SAMPLING
POINTS

UITOX
VENTURI

OUTLET CHANNEL

Analytical methods used in all cases except for Ascaris counts were the usual
methods used by the City Council of Johannesburg laboratories, most of which
were based on Standard Methods-

In the case of Ascaris determinations the method developed by the Cape Town City
Council was used, (Morrison,1982). This method was found to be quick and
effective and allowed for more frequent Ascaris determinations to be undertaken.

The biological stability and fermentability of the digested sludge was
determined by innoculating samples with 10% anaerobically digested sludge and
10* acid fermented sludge from the wastewater treatment works, respectively.

Settling and dewatering properties of the digested sludge were determined by
both the Capillary Suction Time (CST) and Buchner Funnel methods.

RESULTS

The autothermal aerobic digestion pilot plant was Initially run on thickened
waste activated sludge received from the Olifantsvlei extended aeration plant to
the south of Johannesburg. Tests were carried out on this particular sludge
for a period of approximately four months during which time the retention time
of the pilot digester was maintained at a nominal four days. The feed sludge
used during this period had an average concentration of 3,7% and was received at
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temperatures which varied from 12,5°C - 8°C. The thickened sludge was fed to
the digester on a semi-batch basis with the feed pump operating for a
predetermined period every two hours. A summary of the results obtained in the
pilot digester is contained in Table 1.

During this test period constant problems were experienced with fouling of the
dissolved oxygen probe which was positioned within the digester itself. This
resulted in manual operation of the plant with the subsequent inefficient use of
oxygen.

As can be seen from the results in Table 1, the maximum temperature achieved
during this period was 52°C with an average of 40° - 46°C and viable Ascaris ova
reduction was of the order of 50%.

Towards the end of this test period a failure of the recirculation pump forced a
closedown of the plant in order that repairs could be carried out. This
opportunity was used to implement the following modifications:

1. The inlet nozzle in the recirculation pipework was re-positioned at
90° to the tank wall i.e. the fluid flowed across the tank rather than
tangentially as was previously the case. This modification resulted
in much improved mixing characteristics within the digester.

2. The dissolved oxygen probe was moved to a position in the suction pipe
to the recirculation pump thus providing a constant flow of liquid
past the membrane. This modification proved to be almost totally
successful and allowed the plant to be run on automatic control with
resultant savings in oxygen usage. The only problem still experi=
enced was the fouling of the probe caused by fats entering the
electrolyte. This problem was dealt with under routine maintenance
when it occurred and did not impair efficiency to any degree.

Once the above modifications had been completed the plant was recommissioned
using a mixture of ± 50/50 waste activated and raw sludge. Several experi=
mental runs, each of approximately two months duration, were undertaken using
this sludge mixture at digester retention times of 4 and 2 days respectively.
The feed sludge used during these tests had an average solids concentration of
4% and was received at temperatures ranging from 22°C - 8°C.

Prior to the sludge being fed to the digester it was found necessary to pass it
through a double screen system in order to remove as much of the fibrous
material found in the raw sludge as possible. The sludge mixture was again fed
to the digester on a semi-batch basis for a predetermined period every 2 hours
depending on the retention time being used.

A summary of results obtained during both of the above experimental runs is
given in Table 1.. A plot of typical temperatures and Ascaris viabilities is
given in Fig. 2.

During these two runs the oxygen fed to the system was at all times controlled
automatically via a signal from the dissolved oxygen meter. Initially
dissolved oxygen control set-points of 2 - 4mg/l were used (oxygen feed cuts in
at 2mg/l on reducing dissolved oxygen value and cuts out at 4mg/l on increasing
dissolved oxygen value) and the oxygen feed was kept constant at a rate of 3,2
kg O2 per hour. Under those conditions it was found that the system would go
anaerobic for quite lengthy periods immediately after completion of a feed
cycle. The dissolved oxygen control points were subsequently increased to
between 3 and 6mg/l and the oxygen feed rate of 5 kg 0? per hour. These
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changes effectively cured the problem and these control parameters were
maintained throughout the rest of the test period. Fiq.3 shows a typical
dissolved oxyqen control pattern achieved during the tests using automatic
oxygen control.

TABLE 1 : Average Pilot Digester Results

Sludqe
Type

(Ret.
time)

WAS (4)

50/50
WAS/RAW

(4)

50/50
WAS/RAW

(2)

VSS Load i rn
kq /day /m '

6.3

7

14

kq 02 /kq V5 r

destroyed

4,2 *

5,6

5,3

TFfMPfl
0 r

MAX

52

66

64

WTURf!
• f

AVE

60-46

5P

6P

VSS
f?FD.

2.5

27

22

COD
REP.

20

35

33

VIABLE A s c a r i s
OVA "ED'in f I ON

50

100(1 55°)

100(T 55°)

* Continuous oxygen feed

Apart from a number of minor blockages of the sludge feed pump and oxyqen supply
venturi, the digester operated faultlessly during this 4 month test period and
produced very encouraqing results which included a 100% destruction of viable
Ascaris ova at temperatures above 5 5°C.

The final product produced by the high temperature aerobic digestion of sewage
sludge exhibited some unusual properties. Initial investigations showed that
on passing through the digester the feed sludge (either waste activated or a
50/50 mixture of waste activated and primary sludge) became more fluid and would
not settle. Samples of diqested sludqe were taken from the pilot digester when
the system was being fed a 50/50 mixture of sludge at both 4 and 2 day retention
times. These samples were examined microscopically and For biological stabi=
lity and fermentability. The temperature of the samples ranqed from 57°C -
62°C on extraction but these were allowed to cool to room temperature before any
experimentation took place.

Examination of a wet preparation of the 4 day retention sludge under a light
microscope revealed two solid phases. The larger solids appeared to be debris
or other inert material from the feed sludge while the small solids were almost
entirely dispersed bacteria. These were coccoid in shape and moved around
under the slide in small rivulet type streams together with the other colloidal
material. No flocculation of the biomass occurred with the solids having an
extremely dispersed appearance when compared to activated sludge.

The biological stability and fermentability of the digested sludqe samples,
tested as described previously, showed signs of anaerobic fermentation after 7
days incubation in anaerobic jars at J7°C. The results obtained are given in
Table 2. These results indicated that the sludqe product was not stable and
could ferment readily to acids thus being a potential nuisance if disposed of
without further treatment.

Results obtained from similar experiments on the 2 day retention sludge (50/50
mixture) had the same dispersed growth appearance and produced similar results
to the 4 day sludge with regard to anaerobic fermentation.
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TABLE 2 : Fermentability of Digested Sludge
(50/50 mixture of waste activated plus primary)

571

10%

10%

SAMPLE
PLUS

Digested sludge

Acid sludge

TOTAL
4 day

1

VOLATILE AC
retention

780

250

DS AS
day

1

ACETIC mg/1
retention

190

900

Investigations into the settling and dewaten'ng properties of the digested
sludge from both the 4 day and 2 day retention experiments (50/50 mixture of
waste activated and primary sludge feed) indicated that the sludge solids would
not separate away from the liquid phase under gravity settling. Even after 3 -
4 days of standing no separation of the sludge layer occurred. This appeared
to confirm the dispersed colloidal nature of the sludge solids as observed under
microscopic examination. Attempts to filter off a liquid phase when filtering
samples on a buchner filter with glass fibre paper proved to be quite impossible
and CST values of the order of days were not uncommon. The addition of polymer
to various sludge samples was then investigated to try and ascertain the amount
of polymer required to render the sludge dewaterable. The polymer used in all
tests was ZETAG 57 as supplied by Allied Colloids. Typical results obtained
are given in Table 3. These results are representative of both the 2 day and 4
day retention sludges.

TABLE 3 : Results of Polymer Addition to Aerobically Digested Sludge

ml
to

0,05%
100ml

nil
30
50
60
80

POLYMER
solution
sample

DOSE
kg/tonne dry

solids

nil
5,3
8,9
10,7
14,3

CST
Seconds

greater than 200 000
1 100

40
25
15

It is evident that about 14 kg/tonne of polymer would be required to render this
sludge dewaterable. This should be compared with the usual dose of 1,3 - 2,0
kg/tonne dry solids usually required to dewater waste activated sludge.

DISCUSSION

This study has shown that a 50/50 mixture of thickened waste activated sludge
and primary sludge can be disinfected (In terms of inactivation of Ascaris ova)
in the process at a retention time of 2 days even under cold Highveld winter
conditions when the feed sludge temperature was around 8°C. The temperature
attained in the digester was in excess of 55°C at all times in both the 2 day
and 4 day trials. At this temperature a kill of viable Ascaris ova was
achieved. This confirms results reported by others (Kruse, 1977; "Akin and
others, 1977; Brandon and Langley, 1977) that 55°C is a minimum temperature
required to ensure no viable Ascaris in the treated sludge. This was achieved
at a nominal minimum retention period of 2 days. This, however, does not mean
that a 2 day retention period is required for disinfection as the random method
of sampling and the fact that the system was fed at two-hourly Intervals tends
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to indfcate that the minimum time required for complete fnactivation must be
less than 2 hours.

The trial undertaken using only thickened waste activated sludge from the
Olifantsvlei extended aeration plant at no time achieved the required tempera=
ture for complete inactivation of Ascaris. The average temperature was only
40°C - 46°C with a maximum of 52°C being recorded. Viable Ascaris reduction at
no time exceeded 50%. The limited biodegradable fraction of this feed sludge
was Insufficient to support the degree of microbial reaction required to
generate the high temperature.

Results of the experiment to date indicate that the 2 day system retention time
is practical. This is borne out in Table T by similar results achieved at the
different loading rates of the 2 and 4 day runs.

Although the results tend to indicate a similar use of oxygen per kg VSS reduced
throughout all three experimental runs, it should be noted that when running on
manual control the oxygen feed had to be kept above the optimum required value
in order to maintain the temperature in the system, thus leading to an ineff1=
cient use of oxygen when compared to the automatic control system which fed
oxygen on demand.

During experimental runs when automatic control of oxygen feed was used the
system very rapidly attained a stable temperature which could be easily
maintained. However it was evident at times of failure of the automatic
control system, a condition which led to continual feed of oxygen to the system,
that temperatures increased to levels around 74°C.

Throughout the experimental period, no problems were experienced with inadequate
mixing in the system. This was due to the high recirculation rate required for
the proper functioning of the oxygen injection system and the positioning of the
nozzle within the digester.

As is evident from the results, the aerobically treated sludge readily ferments
when seeded with 10% acid fermented sludge or anaerobically digested sludge.
Further treatment of the sludge is therefore necessary in order to stabilise it;
although when the sludge was decanted into a tray and left exposed to the
elements for a period of several weeks no unpleasant odours were obvious.
The dewatering properties of the aerobically digested sludge are extremely
poor, which is a decided disadvantage of the process where dewatering is
required prior to disposal. If the sludge could be disposed of direct to land
without further treatment, then this would not present a problem.

It is evident from the above that further treatment of the sludge 1s desirable.
An attractive possibility in this respect is dual digestion, the combination of
a short retention period autothermal aerobic first stage followed by anaerobic
digestion. Advantages of such a system include effective disinfection, reduced
net anaerobic retention period, no external heating required, stable process
performance, methane production equivalent to conventional anaerobic digestion
and simple operation and control.

CONCLUSIONS

1. Sufficiently high temperatures can be achieved in the process at 2 day
retention periods for disinfection of the sludge.

2. Automatic control of the process by means of monitoring dissolved oxygen
levels in the sludge reduces oxygen consumption.
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3. The treated sludge readily ferments anaerobically to form volatile
acids.

4. The treated sludge does not settle readily, with no liquid phase appearing
even after standing for 3 days.

5. The treated sludge is very difficult to dewater requiring about 10 times
the quantity of polymer dose required to dewater conventional extended
aeration sludge.

6. At the short retention period investigated, the process should not be
considered as a stand-alone process for the stabilisation and
disinfection of sludge.
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ABSTRACT

A biological oxidation process called bacterial leaching was used to remove heavy rnetals
from anaerobically digested sewage sludge. The purpose was to decontaminate the sludge
so that i t could be utilized on agricultural land. The leaching process was found to be
affected by pH, aeration and temperature. At a pH of 4 , an aeration rate of 100 crrr
of air per litre of sludge per minute and a temperature of 25°C, the following metal
removal efficiencies were observed: cadmium, 80 - 85% ; copper, 66 - 80% ; nickel,
70 - 78% and zinc, 84 - 90%. No significant removal was observed for lead. In
addition to removing heavy metals, bacterial leaching preserves the soil conditioning and
fertilizing properties of the sludge. According to Ontario guidelines, the sludge used in
this study was initially not acceptable for use on agricultural lands. However, after
bacterial leaching, all criteria for the application of sludge to agricultural lands were
easily met.

KEYWORDS

Bacterial leaching, Thiobacillus ferrooxidans, heavy metal removal, sewage sludge, sludge
disposal, sludge util ization.

INTRODUCTION

Biological sludges produced during sewage treatment contain significant amounts of plant
nutrients including nitrogen, phosphorus, potassium and other micronutrients. Typically,
on a dry weight basis, about 4 - 5% nitrogen, 3% phosphorus and 1% potassium can be
found in anaerobically digested sewage sludge. Common inorganic fertilizer may contain
about 7% each of nitrogen, phosphorus and potassium. Thus, sewage sludge can be
regarded as a valuable fertilizer supplement. An advantage that sewage sludge has over
inorganic fertilizer is its soil conditioning potential. Sewage sludge contains a large
amount of organic matter which helps to hold plant nutrients in the soil so that the
nutrients can be released slowly during the growing season. Organic matter can also

575
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improve the water holding capacity, structure and ti lth of sandy soil. On fine textured
soils, organic matter can improve infiltration capacity (Galloway and Jacobs, 1977).

Although sewage sludge has many beneficial constituents, unfortunately, it also contains
substances such as heavy metals, toxic organic compounds and pathogens. The presence
of these substances in concentrations high enough to pose a health hazard would make a
sludge unsuitable for agricultural use. In Ontario, Canada, more than 50% of the
sewage sludges fail to meet the provincial criteria for utilization on agricultural lands
because of their high heavy metal contents (Schmidtke, 1980). These sludges have to be
dewatered for disposal by Incineration and landfilltng with municipal wastes at specially
approved sites, at considerable cost. For sludge to be suitable for agricultural use, two
conditions have to satisfied. First, the heavy metal content of the sludge must be
reduced to acceptable levels and second, the fertilizing and soil conditioning potential
must be preserved.

Several methods for heavy metal removal from sewage sludge have been under investiga-
tion. They Include acid extraction, heat treatment and liquid ion exchange (Scott and
Horlings, 1975; Hay e t d . , 1979; Comwell and Westerhoff, 1980; Jenkins e t a l . , 1981;
Woznlak and Huang, 1982). Although good metal removals can be achieved in some
cases, economical and operational constraints make these methods unattractive. A new
method, which appears to hold promise. Is bacterial leaching (Wong and Henry, 1983).

Bacterial leaching is essentially a microblal oxidation process. It effects metal solubill-
zation from anaerobically digested sludge by oxidizing the insoluble metal sulfides to the
soluble sulfate form. A more thorough description of the leaching process can be found
elsewhere (Wong and Henry, 1983). The major advantage of bacterial leaching over
straight acid extraction is that good metal removals can be achieved with a low acid
requirement. Typically about 0.15 g of H2SO4/g dry weight of sludge is needed for up
to 85% removal (Table 1). Acid treatment alone typically requires 0.5 to 0.8 g of

dry weight of sludge for about 70% metal removal.

TABLE 1 Metal Content in Sludge Before and After Bacterial Leaching

Cadmium
Copper
Nickel
Zinc

(Wong and

Metal Concentration (mg/kg)

Before
Bacterial Leaching

130
1,835

495
10,060

Henry, 1983)

After
Bacterial Leaching

20
615
no

1,370

%
Removal

85
66
78
86

Although the possibility of using bacterial leaching to remove heavy metals from
anaerobically digested sludge had been demonstrated, further work was needed to evaluate
the factors affecting the process in order to determine the optimum conditions for maximum
metal removal. In addition, the fertilizing and soil conditioning potential of the sludge
after bacterial leaching had not been determined. The work reported here was primarily
undertaken to obtain this information.
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FACTORS AFFECTING BACTERIAL LEACHING

During bacterial leaching, metals in the insoluble form are converted to the soluble form.
The rate at which such conversion can occur dictates the practicability of the process.
Aeration, pH, temperature, mixing, substrate concentration and the composition of the
leaching medium are important in controlling this rate. Only the first three factors will
be considered in this paper.

The principal microorganism associated with bacterial leaching Is the acidophilic bacillus
Thiobacillus ferrooxidans. The bacteria have an optimum pH range of 1.5 to 4 and
growth is best at a pH of about 2. The ability to resist low pH is an important
physiological adaptation since sulfuric acid is formed when reduced inorganic sulfur
compounds are being oxidized. It has been found that the optimum pH for bacterial
leaching corresponded to the optimum pH for T. ferrooxidans. At pH below 1,5 and
above 4, the rate of leaching was suppressed. (MacDonald and Clark, 1970; Pinches,
1975; Sakaguchi et a l . , 1976).

Aeration

T. ferrooxidans ore strictly aerobic. Effective bacterial leaching can only occur when
there is a plentiful supply of oxygen. Laboratory studies of bacterial leaching of ores
have shown that aeration rates of 50 to 100 cm^ of air/l i tre of medium/minute are usually
required (Karaivko, 1977). This is comparable to the air needed for aerobic sludge
digestion. A second purpose which aeration serves is supplying carbon dioxide to the
microorganisms. T. ferrooxidans require atmospheric carbon dioxide as the sole carbon
source for growth. Leaching of sulfide minerals was found to decrease when carbon
dioxide was removed (Lundgren and Silver, 1980).

Temperature

Like many biological processes, bacterial leaching is temperature dependent. The
optimum temperature has been found to vary from 25 to 35OC during the oxidation of
different sulfide minerals. Above 40°C, the rate of bacterial leaching drops sharply, and
at 50 °C it ceases. The rate of bacterial leaching also decreases at low temperatures
(Karaivko, 1977).

It should be pointed out that the preceding information on the effects of pH, aeration
and temperature on bacterial leaching as reported in the literature was based on
laboratory studies using sulfide minerals and ferrous sulfate only. Anaerobically digested
sewage sludge has unique characteristics entirely different from sulfide minerals.
Extrapolation of the leaching results from sulfide minerals to sludge would be improper.
Therefore, experiments were required to determine the effects of pH, aeration and
temperature on bacterial leaching of anaerobically digested sewage sludge.
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MATERIALS AND METHODS

The anaerobically digested sludge used in these experiments was obtained from the Humber
Waste Treatment Plant in Metropolitan Toronto. Immediately following sample collection,
the sludge was analyzed according to Standard Methods (1980) for the following
parameters: total and volatile solids, pH, dissolved oxygen, chemical oxygen demand,
alkalinity, nitrogen, phosphorus, potassium, cadmium, copper, iron, lead, nickel and zinc.
The Atomic Absorption Spectrophotometry procedure was followed for metal analysis. In
addition, the redox potential and calorific value of the sludge were also measured
according to Allen et aL (1974).

Total number of viable heterotrophic bacteria was enumerated by the dilution plate
method (Standard Methods, 1980). Nutrient agar (Difco) was used as growth medium.
Plate counts were made after 72 hours of incubation at 30°C. The acclimated culture
of T. ferrooxidans used in these experiments was prepared as described by Wong and
Henry (1983). Enumeration of the bacteria required special silica gel plates prepared by
mixing equal volumes of concentrated hydrochloric acid (6 N) and sodium metasilicate
(300 g/L). The mixture was allowed to solidify in • petri dish. The dish was then
immersed in running water at 25°C for about 10 hours to remove excess hydrogen and
chloride ions. Bromothymol blue solution was used to test the gel. A green coloring
indicated that washing was sufficient. The dish was rinsed with distilled water and an
iron oxidizing medium for T. ferrooxidans added (Standard Methods, 1980). The dish was
then stored at 25°C for 24 hours and the excess medium was decanted. After rinsing
with distilled water, the dish was placed in a dry type bacteriological incubator at 35 C
to remove any moisture on the gel surface. After inoculation by spread plate technique,
the dish was stored at 30 °C for 5 days in a bacteriological incubator. The density of
T. ferrooxidans (no,/mL) was determined by counting the number of reddish-brown colonies
on the gel.

Leaching experiments followed the procedure reported earlier (Wong and Henry 1983).
Experimental conditions are summarized in Table 2.

TABLE 2 Conditions for the Leaching Experiments

Experiment pH Temperature Aeration
(°C) (cm3 of air/L

of sludge/min.)

1 2,4,6 25 100
2 4 10,25 100
3 4 25 0,50,100

RESULTS AND DISCUSSION

The initial characteristics of the anaerobically digested sewage sludge used in this study
are given in Table 3. On a dry weight basis, the sludge had about 55% volatile solids,
5% nitrogen, 3% phosphorus and 1% potassium. Almost 70% of the nitrogen existed as
organic nitrogen, with ammonia nitrogen comprising the remaining 30%. The organic
nitrogen was contained almost entirely in the sludge solids with only 2% of the total
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TABLE 3 Characteristics of the Sludge Used

579

Parameter

Total solids (mg/L)
Volatile solids (mg/L)
PH
Dissolved oxygen (%)
Redox potential (mV)
Chemical oxygen demand
Total alkalinity as CaCO3 (mg/L)
Organic nitrogen (mg/L)
Ammonia nitrogen (mg/L)
Nitrite & Nitrate nitrogen (mg/L)
Total phosphorus (mg/L)
Potassium
Calorific value (cal./g)
Total viable count (no,/mL)
T. ferrooxidans count (no/mL)
Cadmium (mg/kg)
Copper (mg/kg)
Iron (mg/kg)
Nickel (mg/kg)
Lead (mg/kg)
Zinc (mg/kg)

Range*

26,880 - 40,110
15,420 - 21,610

7.07 - 7.25
3 - 6

-430 - -230
25,590 - 42,570
3,750 - 6,130
1,050 - 1,640

440 - 730
20 - 65

830 - 1,160
250 - 420

3,180 - 3,520
3.1x108 _ 5,4x109

N.D. * *
110 - 210

1,540 - 2,110
21,660 - 41,880

360 - 780
590 - 1,020

5,170 - 10,600

Mean

36,750
19,730

7.17
4

-285
32,520

5,860
1,330

590
40

980
365

3,370
2.2x109

-
145

1,830
31,150

510
750

7,660

Median

38,440
20,650

7.18
4

-275
32,770

5,500
1,370

630
35

930
310

3,400
8.9x108

-
150

1,840
27,200

440
680

7,460

10 samples analyzed over a 10 month period
** could not be detected

organic nitrogen being soluble. Similiar distribution was observed for phosphorus: 95%
(insoluble) in the sludge and 5% (soluble) in the supernatant. On the other hand,
potassium was almost completely soluble with about 94% of the total present in the
supernatant. The metal content of the sludge was high due to the industrial contribution
to the wastewater flow. As with nitrogen and phosphorus, the heavy metals were found
to be almost exclusively associated with the sludge solids. Because of the high heavy
metal content, especially cadmium, the sludge was not acceptable for agricultural use.
Currently, the sludge is dewatered and landfilled.

The effects of pH on the bacterial leaching of cadmium from the sludge are illustrated in
Figure 1. Copper, nickel and zinc all showed similiar behaviour (Table 4). Lead was
an exception. Apparently, pH had no effect on lead solubilization. Poor lead
solubilization is probably due to the formation of stable complexes with organic solids
(Wong and Henry, 1983), It should be noted that the initial pH values of 2, 4 and 6
for the three samples had changed, by the end of the experiment, to 1.87, 3.15 and
6.65 respectively. In the first two samples, the drop in pH was probably due to the
formation of sulfuric acid during bacterial oxidation of reduced inorganic sulfur
compounds. In the last case, the pH of 6 was too high for T, ferrooxidans' growth,
hence no bacterial oxidation occurred and the pH of the sample did not decrease.

From Figure 1, it can be seen that the metal leaching rate at pH 2 was higher than at
pH 4 during the first 6 days. This is probably due to the combined effects of low pH
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Figure 1 Effects of pH on Cadmium Solubllization from Sludge

TABLE 4 Metal Content in Sludge (mg/kg) After 8 Days of
Leaching at pH 2, 4 and 6

Cadmium
Copper
Nickel
Lead
Zinc

pH 2 PH 4 pH 6

% % %
(mg/kg) ( Removal) (mg/kg) ( Removal) (mg/kg) (Removal)

28
550
110
510
970

87
73
80
9

88

25
625
125
530

1,275

85
70
78

2
84

140
1,890

500
540

8,180

6
8

11
0
9

(a chemical phenomenon), and high T. ferrooxidans activity when the pH was optimum
(a biological phenomenon). Although the initial leaching rate was higher at pH ?, there
was no significant difference between the levels of metal solublllzatton at pH 2 and 4
after 8 days of leaching (Table 4), This is an important observation because the acid
dosage required to bring the pH of the sludge to 2 was about 0.35 g of r^SO^/g dry
weight of sludge. To bring the pH of the sludge to 4 only required 0.16 g of l-^SO^/g
dry weight of sludge. Since the ultimate metal removal was simillar In both cases, a
pH of 4 with the lower acid requirement should be selected for bacterial leaching of
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anaerobically digested sludge. At pH 6, metal solubilization was extremely poor (Table
4) because T. ferrooxidans mediated leaching was not occurring. Also, at a pH of 6
under aerobic conditions, most metals wil l be present as insoluble carbonates.

The effects of aeration on bacterial leaching of cadmium from the sludge are illustrated
in Figure 2, Results for the other metals are presented in Table 5. No significant

100

o
N

_Q

60

40

20

100 cm3/L/min.

0 2 4 6 8
Time (days)

Figure 2 Effects of Aeration on Cadmium Solubilization from Sludge

TABLE 5 Metal Content in Sludge (mg/kg) After 8 Days of Leaching
at Various Aeration Rates

cm-3 of air/L of sludge/min. _ ^ _ _ ^ _

50 100

(mg/kg) ^Removal'

Cadmium
Copper
Nickel
Lead
Zinc

120
1,470

390
980

5,370

14
10
15
4
9

50
620
130
960

1,360

65
62
72

6
77

30
325
105
970

1,120

79
80
77

5
81
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removal was observed for lead at any aeration level. However, aeration was found to
affect the leaching of cadmium, copper, nickel and zinc. For these metals, solubilizaMon
was poor without aeration (Table 5). This can be explained by the fact that T. ferro-
oxidons require both oxygen and carbon dioxide for growth. Without these dissolved
gases, bacterial mediated leaching could not occur. The dissolved oxygen and redox
potential of the unaerated sample was about 5% saturation and -150 mV respectively.
With aeration, the dissolved oxygen and redox potential increased rapidly. The increase
was found to be faster at the higher aeration rate of 100 cm3 of air/L of sludge/min.
After 4 days, the dissolved oxygen level was at more than 85% saturation while the
redox potential had increased to 400 mV. At an aeration rate of 50 cm3 of air/L of
sludge/min., it took 6 days to reach similiar dissolved oxygen and redox potential values.
At the higher aeration rate, conditions suitable for bacterial leaching occurred sooner.
However, the marginal improvement in metal solubilization by doubling the aeration rate
from 50 cm3 to 100 cm^ of air/L of sludge/min. would probably not be warranted in
practice.

The effects of temperature on bacterial leaching of cadmium from the sludge are shown
in Figure 3. Results for the other metals are presented in Table 6. Temperature was
found fo affect the leaching of cadmium, copper, nickel and zinc. The rate of leaching
was reduced at 10°C because the activity of T_. ferrooxidans was suppressed at this
temperature. At 25"C, metal solubilization efficiency typically increased by about 30%
from the 10°C level. This improvement was expected because the optimum temperature
for bacterial leaching is around 30°C.

100

80 -

.2 60 -
o
N

40 "

20 -

4 6
Time (days)

Figure 3 Effects of Temperature on Cadmium Solubilization from Sludge
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TABLE 6 Metal Content in Sludge (mg/kg) After 8 days

583

of

Cadmium
Copper
Nickel
Zinc

Leaching at

(nig

1

3,

10

Ae)
83

,752
303

r920

10 and 259

Temperature

%
^Removal'

50
14
41
75

C

(i

CO
25

Tig/ kg)

35
694
158

1,450

%
^Removal;

80
66
70
90

The changes in other chemical characteristics of the sludge that occurred during bacterial
leaching are presented in Table 7. Although the sludge was aerated for 10 days, there
was no reduction in volatile solids concentration and no nitrification was occurring.
This is reasonable considering the low pH of the sludge. At a pH of 3, growth of het-
erotrophic microorganisms and nitrifying bacteria was effectively inhibited. The total
viable count showed a reduction in heterorrophic microbial population by one order of
magnitude at the end of the leaching period (Table 7). The microbial colonies on the
agar plates were very small, indicating that the cells had been under stress. Although
the activity of heterotrophic microorganisms appeared to be inhibited by the low pH, the

TABLE 7 Characteristics of the Sludge Before and After Bacterial
Leaching (pH 4, 100 cm3 of air/L of sludge/min., 25»C)

Parameter Initial Final

Total solids (mg/L)
Volatile solids (mg/L)
pH
Dissolved oxygen (%)
Redox potential (mV)
Chemical oxygen demand (mg/L)
Acidity (mg/L)
Organic nitrogen (mg/L)
Ammonia nitrogen (mg/L)
Nitrite and Nitrate nitrogen (mg/L)
Total phosphorus (mg/L)
Potassium
Calorific value (cal./g)
Total viable count (no./mL)
T. ferrooxidans count (no./mL)

38,435
20,895

7.12
5

-275
31,845

-
1,325

580
0.60

1,160
280

3,380
2.2x109

0

36,330
20,270

3.38
85

480
21,890

2,000
1,140

650
0.65

1,220
290

2,420
1.8x108
1.5x10°
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opposite was true for T. ferrooxidans. The number of T. ferrooxidans in the sludge
increased from an initial undetectable level to a f inal level of 1.5 x lO^/mL- The
dramatic increase in T. ferrooxidons numbers confirmed that biological oxidation of ferrous
iron and reduced inorganic sulfur did occur. This also suggested that T. ferrooxidans can
proliferate in anaerobically digested sludge under suitable conditions.

Despite the absence of heterotrophic decomposition, chemical oxygen demand was reduced
by more than 30% and calorific value by 28%. This reduction in chemical oxygen
demand and calorific value can be attributed to the combined effects of aeration and the
microbial oxidation of reduced inorganic compounds such as sulfides, ferrous iron,
manganeous manganese, etc. by T. ferrooxidans and other iron and sulfur oxidizing bacteria.
The lack of volatile solids reduction and nitrification, together with the fact that the
phosphorus and potassium contents remained unchanged, suggested that the soil condition-
ing and fertilizing values of the sludge were not affected. Based on the Ontario guide-
lines (OMFA and OME, 1981), the sludge used in this experiment was not acceptable
for agricultural use before bacterial leaching (Table 8). However, after bacterial
leaching, the sludge met all criteria for application to agricultural land. The process
provided adequate metal removal while preserving the nutrient content of the sludge.

TABLE 8 Ammonium Plus Nitrate Nitrogen to Metal Ratios in Sludges

Minimum ratio* Ratio before Ratio after
required for land bacterial leaching bacterial leaching

application in Ontario

Cadmium 500 118 940
Copper 10 8 31
Nickel 40 30 147
Lead 15 22 26
Zinc 4 1.5 13

* Sewage sludges with ammonium plus nitrate nitrogen to metal ratios larger
than or equal to the minimum ratio are suitable for agricultural use
(OMFA and 0M, 1981)

SUMMARY AND CONCLUSIONS

1. Bacterial leaching was found to be effective in removing cadmium, copper, nickel
and zinc from anaerobically digested sewage sludge at an initial pH of 4 . Metal
removal at pH 6 was poor. There was no apparent advantage in using a pH less than
4 because any lower pH only accelerated the initial leaching rate. There was no
improvement in the ultimate metal removal efficiency.

2, Aeration of 50 cm^ of air/L of sludge/min. was found to be adequate for bacterial
leaching of metals from anaerobic sludge. The air provided both the oxygen and carbon
dioxide required by the leaching bacteria T. ferrooxidans. No major improvement in
metal removal was observed when the aeration rate was 100 cm3 of air/L of sludge/min.
Without aeration, metal removal was negligible.
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3. Temperature was found to affect bacterial leaching of metal from anaerobically
digested sludge. Metal removal efficiency was found to increase by about 30% when
the temperature was increased from 10*C to 25°C.

4 . At an initial pH of 4, aeration rate of 100 cm3 of air/L of sludge/nin., a tempera-
ture of 25 C and a leaching period of 8 days, the following metal removal efficiencies
were observed: cadmium, 80 - 85% ; copper, 66 - 80% ; nickel, 70 - 78% and zinc,
84 - 90%.

5. Bacterial leaching did not affect the soil conditioning and fertilizing values of the
sludge. The volatile solids, nitrogen, phosphorus and potassium concentrations were
unchanged by bacterial leaching. Decomposition of organic matter and nitrification did
not occur because the pH of the sludge was low enough to suppress the growth of
heterotrophic and nitrifying bacteria.

6. Based on the Ontario guidelines for sludge utilization on agricultural lands, the
sludge used In this study was originally unacceptable because of heavy metal contamin-
ation. It was decontaminated for agricultural use by bacterial leaching.
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FRACTIONATION OF HEAVY METALS
IN SEWAGE SLUDGES
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ABSTRACT

Metals (Cd, Cr, Cu, Ni, Pb and Zn) have been fractionated in representative
sewage sludges (primary, secondary, digested) by a sequential extraction
procedure using KNO3 1M (removes the 'exchangeable' fraction), KF 0.5M
('sorbed'), Na4P207 0.1M ('organic'), Na2EDTA 0.1M ('carbonate') and HNO3 6M
('sulphide'). Major differences according to sludge type were not seen. Cd
occurred mainly in the 'carbonate' fraction and 38-62% of Cr was in the
'organic' fraction. 43-70% Cu was in the sulphide fraction whilst >40% of Ni
was extracted in the 'exchangeable/sorbed' fractions. Pb was found
predominantly in the 'organic' and 'carbonate' fractions and Zn in the 'organic'
fraction. The complete extraction procedure removed 54-100% of the total metals
content of the sludges. Changes in fractionation caused by drying, storage and
time of extraction are reported. The results form the first part of a detailed
investigation into the chemistry of metals in sewage sludge.

KEYWORDS

Sewage sludge; heavy metals Cd, Cr, Cu, Ni, Pb, Zn; fractionation by sequential
extraction.

INTRODUCTION

Treatment and disposal of sewage sludge accounts for approximately half the
total cost of sewage treatment or about £200 million per annum in the UK. Some
30 million wet tonnes of sludge (1.25 million tonnes dry solids) are produced
annually in the UK and the most economic disposal outlets are utilisation on
land which accounts for 40% of sludge, dispersal at sea (30%) and landfill
(25%). During sewage treatment contaminants in wastewater are concentrated into
sludge and it is essential to ensure that these do not cause environmental
problems following disposal. The contaminants of principal concern are the
heavy metals - cadmium, chromium, copper, lead, nickel and zinc. Rates of
application of sludge to agricultural land in particular are restricted so that
total concentrations of metals in soil never reach levels which could be toxic
to crops or contaminate animal food chains. Whilst total concentrations of

587



588 R.J. OAKE, C.S. BOOKER and R.D. DAVIS

metals indicate the extent of contamination they give little insight into its
significance in terms of forms of metals and their potential bioavailability.
As part of an integrated research programme on the chemistry of heavy metals
before and after incorporation into the receiving matrix, studies have been
undertaken on selected types of sewage sludge to determine the forms taken by
the metals, using a sequential extraction procedure, and to establish the
stability of these metal forms before and after incorporation into the receiving
matrix. The sludges used in this work were deliberately selected from major UK
sewage treatment works and are representative of the main types of sludge
produced including primary sludge, activated sludge, and co-settled sludge
before and after mesophilic anaerobic digestion. Metals in the sludges have
been fractionated by a modified sequential extraction technique originally
developed by McClaren and Crawford (1973) to study copper in soils and later
adapted by Stover et_al_. (1976) for use with sludges. Although it was realised
that there may be overlap between fractions, and the components of each fraction
may not be chemically discrete, the technique nevertheless represents a
potential tool for examination of the interrelationship between metals in
sludges and receiving matrices. Also, the method could be comparatively easily
adapted for routine operational purposes. This paper reports the results of
metal fractionatlon studies on sludges using the sequential extraction
procedure. In addition to reporting metal fractionatlon and reproducibility of
results, the paper describes also effects of changing the extraction period, and
of storing or drying sludge before fractionation.

METHODS

On receipt, a portion of each sludge was dried at 105°C and ground to pass a
0.5 mm sieve. The remainder was stored at 4°C without further preservation.
Dry solids content and per cent organic matter were determined on the liquid and
dried sludges respectively using conventional techniques. Sludges were
fractionated using a modification of the procedure described by Stover et̂  al.
(1976). The procedure uses sequential extraction with a series of reagents and
divides the metals present into fractions extracted by potassium nitrate,
potassium fluoride, sodium pyrophosphate, sodium ethylene-diamine-tetra-acetic
acid and nitric acid. Although none of these fractions contain singular,
discrete chemical forms of metals they broadly represent exchangeable, sorbed,
organic, carbonate and sulphide forms respectively. The designated fractions
are operational, and this must be borne in mind in interpretation of results
generated. Total metals content of the sludges has been estimated by X-ray
fluorescence spectroscopy (XRFS) which overcomes many of the problems associated
with measurement of metal concentrations following digestion, and probably more
accurately reflects the true total metal contents of the sludges.

EXPERIMENTAL

Dry solids and organic matter content. All sludges studied were analysed for
dry solids content by drying at 105°C. Additionally, six of the sludges were
analysed for organic matter content by further heating to 375°C, the resultant
weight loss being attributed to loss of organic material. The results are shown
in Table 1.

Fractionation of metals in sewage sludge. The forms of the metals zinc, lead,
cadmium, nickel, copper and chromium present in sewage sludges were assessed
using a modification* of the technique described by Stover et_al. (1976).

* modification of original procedure which used 1M HNO3.
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Reagent strengths, extraction duration and solution to solid ratios were:

KNO3,
KF (pH 6.5),
Na4P2O7,
Na2EDTA,
HNO3,

1M,
0.5M,
O.IM,
O.IM,
6M,

16
16
16

hours,
hours,
hours,

2 x 8 hours,
16 hours,

50:1
80:1
80:1
80:1
50.1

One gramme sludge was extracted with 50 ml of 1M KNO3 for 16 hours followed by
centrifugation at 2000 xg for 20 minutes. The supernatant was removed for
analysis and the pellet resuspended In 80 ml of 0.5M KF, shaken for 16 hours,
centrifuged and separated. This procedure was followed for the sequence of
reagents given above. All supernatants were filtered through a 0.45 ym
polycarbonate filter prior to analysis by plasma emission spectroscopy (PES) for
the six metals of interest.

Reproducibility of the fractionation technique. Samples of air-dried raw,
digested and activated sludges were analysed to assess the overall
reproducibility of the combined sequential extraction procedure and analytical
technique. Five replicates (1 g) of each of the sludges were taken through the
procedure outlined above. Standard errors for means (of 5 replicates) of each
element/sludge combination are shown in Fig. 1 expressed as percentage of metal
recovered.

Duration of extractions. Duplicate samples of air-dried raw, digested and
activated sludges were subjected to extraction durations of 1, 2, 4, 8 and 16
hours. All other conditions were as previously described.

Effect of storage of liquid sludge on metal fractionation. A sample of liquid
digested sludge was analysed on two occasions, one month apart. In order to
fractionate liquid sludge a modification of the sequential extraction procedure
was adopted. An appropriate volume of thoroughly mixed liquid sludge
(sufficient to contain 1 g dry solids, based on the previously determined dry
solids content) was centrifuged at 2000 xg for 20 minutes. The supernatant was
aspirated and retained for analysis, and the pellet subjected to the described
sequential extraction procedure.

Comparison of metal forms in air-dried and liquid sludges. The distribution of
metal forms in raw, digested and activated sludges in both air-dried and liquid
states have been determined using the appropriate procedures previously
described.

RESULTS

Dry solids content. Results for all sludges studied are given in Table 1 and
range from 0.7% for an activated sludge to 7.62% for a lagooned digested
sludge. The values are typical of dry solids contents observed for sludges of
each type.

Organic matter content. Organic matter, expressed as loss on ignition at 375°C,
using sludges previously dried at 105°C is also listed in Table 1 for six of the
nine sludges. Values range from 58.4% to 74.7% and are typical of values which
might be expected from such sludges.

JWST AMSTERDAM 2-K
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TABLE 1 Dry Solids and Organic Matter Contents

% Organic Matter

74.06
66.31

58.38
59.13
61.38

Total metals content of sludges by XRFS. All sludges were analysed for total
metals using XRFS. Results are given In Table 2.

TABLE 2 Total Metals Content of Sludges by XRFS

Sludge
Raw 1
Raw 2
Raw 3
Digested
Digested
Digested
Digested
Activated
Activated

4
5
6
7
8
9

% Dry Solids
5.8
3.65
1.94
2.4
1.65
3.57
7.62
0.7
1.55

Sludge
Raw 1
Raw 2
Raw 3
Digested
Digested
Digested
Digested
Activated
Activated

4
5
6
7
8
9

Zn
3900
3100
1100
3700
4000
1550
1550
2100
3200

Metal
Pb
1200
620
540
940
960
1050
740
500
580

tag/kg
Cd
18
22
9
27
27
13
33
31
25

dry weight
Ni
77
67
46
97
105
97
260
69
120

Cu
620
540
1100
780
760
680
980
600
740

Cr
170
140
1250
290
270
700
460
300
230

Metal Distributions in Sludge Fractions

Zinc. Table 3 and Fig. 1 show that in all nine sludges, the largest proportion
of zinc was associated with the pyrophosphate (organic) fraction. Very little
zinc appeared in the early fractions (KNO3 and KF), their combined total being
less than 5% in all cases. The balance of the zinc was distributed fairly
evenly between the EDTA and nitric acid fractions, except in the case of
digested sludge 7 (a lagooned sludge) where the distribution between these two
fractions substantially favoured the nitric acid (31.4%) compared to the EDTA
(11.7%) fraction.

Lead. The proportion of lead associated with the combined KNO3 and KF fractions
was greater than that observed for zinc, but remained a small proportion of the
total lead recovered (less than 13%, Table 3). A similar proportion (less than
16%) of lead was found in the nitric acid fraction, and the bulk of the lead was
distributed between the pyrophosphate (organic) and EDTA (carbonate) fractions.
Within these fractions the distribution was fairly even, with no apparent
tendency for either fraction to be dominant. These two fractions together
generally accounted for more than 80% of the total lead recovered.

Cadmium. Hardly any cadmium was found in either the KNO3 or KF fractions.
Within the remaining fractions, the EDTA tended to be dominant, with two
exceptions. For one of the raw sludges (raw 3) the pyrophosphate fraction was
by far the largest (58.9%) whilst for digested sludge 7, 57.3% of recovered
cadmium appeared in the nitric acid fraction. In digested sludge 6, an even
distribution was observed between the pyrophosphate, EDTA and nitric acid
fractions. This pattern was not repeated in the remaining digested sludges.



TABLE 3 Fractionation of Heavy Metals in Sewage Sludges

Sludge

Raw 2

Raw 3

Activ-

ated 9

Fraction

KNO3

KF

Na4?2O7

EDTA

HNO3

KNO3

KF

Na4P2O7

EDTA

HNO3

KNO3

KF

Ka4p2°7
EDTA

HHO3

Zn Pb
Percentage

2.08

0.79

71.61

13.98

11.54

2.05

0.73

66.89

12.52

17.80

0.42

0.90

47.47

26.90

24.30

2.97

2.26

62.77

27.40

4.60

2.14

5.88

46.06

39.05

6.87

2.94

6.26

45.75

37.50

7.55

Cd Ni
of total metal

2.91

0.00

32.96

41.31

22.80

1.64

0.00

58.88

20.69

18.77

1.28

0.00

7.29

64.51

26.91

30.11

15.71

9.47

33.99

10.71

32.37

22.53

3.00

24.36

17.75

29.33

17.48

12.89

40.05

13.13

Cu Cr
recovered

3.17

5.72

19.48

14.94

56.69

8.19

6.37

20.94

21.41

43.08

0.97

4.96

8.44

14.44

71.49

1.42

10.83

56.08

12.79

18.88

2.09

10.24

56.99

30.69

0.00

0.73

11.33

62.11

11.09

14.74

Sludge

Digest-

ed 5

Digest-

ed 6

Digest-

ed 7

Fraction

KKO3

KF

Na4P2O7

EDTA

HHO3

KNO3

KF

Na4P2O7

EDTA

HKO3

KNO3

KF

Na4P207

EDTA

HKO3

Zn Pb
Percentage

0.24

0.83

56.01

25.41

17.51

0.32

0.54

62.51

13.38

23.25

0.11

1.73

55.05

11.68

31.42

1.61

3.61

34.96

49.87

9.95

1.05

2.79

38.42

41.80

15.94

0.76

5.18

46.15

38.80

9.11

Cd Ni
of total metal

1.22

0.00

4.67

59.85

34.26

1.72

0.00

30.07

33.54

34.64

1.50

0.00

17.88

23.31

57.31

19.29

16.59

12.01

35.70

16.40

13.68

12.71

15.83

31.54

26.25

8.10

16.62

17.55

40.62

17.11

Cu Cr
recovered

1.72

4.22

9.01

14.40

70.65

3.09

6.23

17.24

18.33

55.12

1.60

8.67

9.45

20.10

60.19

1.10

9.69

49.17

19.09

20.96

0.55

5.80

44.65

30.10

18.90
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25.97
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TABLE 4 Metal Distribution in Air Dried and Liquid Sludges

Sludge

Raw 2

Activ-

ated 9

Digested

5

Fraction

KNO3

KF

Na4P2(>7

EDTA

HNO3

KNO3

KF

Na4P207

EDTA

HNO3

KNO3

KF

Na4P207

EDTA

HNO3

D*

2.08

0.79

71.61

13.98

11.54

0.42

0.90

47.47

26.90

24.30

0.24

0.83

56.01

25.41

17.51

Zn
L*

6.14

3.25

41.16

28.05

21.40

3.40

2.64

32.10

37.78

24.08

0.23

2.59

32.31

42.01

22.87

Pb
D

2.97

2.26

62.77

27.40

4.60

2.94

6.26

45.75

37.50

7.55

1.61

3.61

34.96

49.87

9.95

L

1.88

6.93

48.04

28.54

14.61

2.81

6.12

41.69

38.34

11.03

0.36

5.51

27.92

47.72

13.49

Cc
D

1
L

Percentage of

2.91

0.00

32.96

41.31

22.80

1.28

0.00

7.29

64.51

26.91

1.22

0.00

4.67

59.85

34.26

1.16

0.00

30.84

37.57

30.41

1.08

0.00

10.08

62.38

26.43

0.00

0.00

14.66

53.02

32.31

Ni
D L

Cu
D

total metal recovered

30.11

15.71

9.47

33.99

10.71

29.33

17.48

12.89

40.05

13.13

19.29

16.59

12.01

35.70

16.40

21.37

28.38

12.00

27.70

10.56

31.75

23.58

9.23

22.31

13.12

4.80

23.47

14.02

37.21

20.50

3.17

5.72

19.48

14.94

56.69

0.97

4.96

8.44

14.14

71.49

1.72

4.22

9.01

14.40

70.65

L

2.58

6.18

28.84

9.50

52.90

3.31

3.55

13.63

15.46

64.05

0.46

3.86

14.95

13.04

67.69

Cr
D

1.42

10.83

56.08

12.79

18.88

0.73

11.33

62.11

11.09

14.74

1.10

9.69

49.17

19.09

20.96

L

0.73

13.54

56.06

6.11

23.56

0.62

5.71

65.02

13.07

15.58

0.22

10.56

42.17

22.40

24.65
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Nickel. Nickel was the only metal observed in substantial proportions in the
KNO3 and KF fractions, generally with the KNO3 fraction predominating. These
combined fractions frequently accounted for more than 40% of the total nickel
recovered. In all but two sludges, the largest single fraction was the EDTA
extract, generally accounting for 30% of the nickel. In the two exceptions,
both raw sludges (raw 1 and raw 3), the KNO3 fraction was dominant, whilst in
the other raw sludge the KNO3 and EDTA fractions were approximately equal. The
balance of total nickel recovered from the sludges was split between the
pyrophosphate and nitric acid fractions, the latter usually being slightly
larger.

Copper. The distribution pattern of copper was dominated in all cases by a
large (43.1% to 70.7%) nitric acid fraction. The second largest fraction was
the EDTA extract, followed by pyrophosphate, KF and KNO3 fractions respectively.

Chromium. A very small proportion of chromium (less than 5%) appeared in the
KNO3 fraction for any of the sludges. A somewhat higher proportion, up to 13.8%
appeared in the KF extract, but in all cases the dominant chromium fraction was
the pyrophosphate (37,5% to 62.1%). The remainder of the chromium was
distributed between the EDTA and nitric acid fractions, with the nitric acid
fraction usually the larger.

Comparison of Metal Distributions in Alr-Drled and Liquid Sludges

Four of the nine sludges have been studied in both air-dried and liquid states.
Results are shown in Table 4 and Fig. 2.

With one exception, the distribution patterns for metals in corresponding liquid
and air-dried sludges were the same, the only observed differences being in the
magnitude of the various fractions. The exception to this is zinc which showed
not only differences in fraction size, but also a shift in the distribution
pattern. This shift was observed in all but one case (raw 2). In the dried
sludges, the dominant fraction for zinc was the pyrophosphate; in the
corresponding liquid sludges there was a general tendency for the EDTA fraction
to dominate, and even in the case where this fraction failed to achieve
dominance, it was still very substantially increased.

Changes in Metal Distribution in Stored Liquid Sludge

Part of the reason for examining metal distribution in liquid sludges was to
assess the direction and magnitude of any changes in the forms taken by the
metals over a period of time. The study is designed to continue over several
months and results for only one sludge at two time points can be presented at
this time. The results for one of the digested sludges (digested 4) are shown
in Table 5.

TABLE 5 Metal Fractionation in Liquid Digested Sludge with Time

Fraction

KNO3
KF
Na4P207
EDTA
HNO3

1*

0.4
1.8

64.8
20.1
12.9

Zn
2

0.9
2.0

45.1
32.7
19.3

1

1.7
8.5

56.1
24.7
9.0

Pb
2

3.1
9.2

39.2
32.7
15.8

1

3.2
4.4

32.2
43.9
16.3

Cd
2

0.0
5.4

30.7
39.0
24.9

1

15.0
18.4
13.9
43.0
9.7

Ni
2

13.1
35.8
10.8
30.0
10.3

1

1.8
6.3
19.3
10.8
61.8

Cu
2

1.7
6.9
19.2
10.5
61.7

1

1.3
10.1
53.9
6.5

28.2

Cr
2

1.6
12.9
59.9
8.8
16.8

(Results are percentage of total metal recovered).
* 1 - time point 1; 2 = time point 2 - one month later at 4°C.
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Standard errors for results obtained with dried sludges on two occasions were as
follows: Zn 0.8%, Pb 0.7%, Cd 2.3%, Ni 1.8%, Cu 0.7%, Cr 1.2%.
Although interpretation of such limited data must be speculative there are some
interesting trends in the results worthy of comment. Firstly, the results for
copper are in excellent agreement at both time points. Secondly, large
differences in the distribution pattern are observed for zinc, lead and nickel.
Results for cadmium and chromium show smaller changes in the distribution
patterns. Within those metals showing large changes, zinc and lead behave
similarly, nickel differently. For zinc and lead the proportion of metal
associated with the combined KNO3 and KF fractions show only small changes;
however, there would seem to be a substantial shift of metals from the organic
(pyrophosphate) fraction into both carbonate (EDTA) and sulphide (nitric acid)
forms. In the case of zinc, some 20% of total zinc recovered appears to have
redistributed from the pyrophosphate fraction into the EDTA (+12.5%) and nitric
acid (+7%) fractions respectively. For lead, 17% of the metal has redistributed
from the pyrophosphate fraction mainly into the EDTA (+8%) and nitric acid (+7%)
extracts. The situation with nickel is somewhat different. Virtually no change
is observed in the KNO3 proportion, but there is an apparent doubling of the
proportion of metal found in the KF fraction. This is derived predominantly
from the EDTA fraction and to a lesser extent from the pyrophosphate. The
nitric acid fraction shows virtually no change. The amount of metal involved
appears to be about 17.5% of the total nickel recovered, with some 13% seemingly
derived from the EDTA fraction.

In some preliminary experiments on dried sludges, the between-batch
reproducibility of the sequential extraction procedure was examined, and results
obtained for the air-dried variety of the digested sludge reported above. The
between batch variability observed is shown in Table 5. The differences
observed between the time samples of liquid sludge are far greater than those
observed between batch for dried sludge. Whilst great care was taken to ensure
homogeneity of the liquid sludge prior to each sampling, it may be that this was
not achieved, and the results simply reflect this. One factor which may argue
against this is the relative constancy of the results obtained for copper in
both samples of liquid sludge. It seems likely that the major differences in
distribution observed for zinc, lead and nickel are real. Further studies on
other sludges, and at additional time points are being undertaken.

Influence of Extraction Time on Metals Distribution

During the course of preliminary experiments on dried sludges, the influence of
extraction time on metal distribution was examined. Examples of the
distributions obtained are shown for two elements in Fig. 3. The total amount
of each metal recovered for each of the extraction durations remained
substantially constant. However, changes in the distribution profiles, related
to the duration of extraction, can be clearly seen In Fig. 3. The picture is
clearest for zinc, where the major differences are visible as an increasing
proportion of metal recovered in the pyrophosphate fraction with increasing
extraction duration, and a corresponding decrease in the nitric acid fraction.
In the case of copper, the changes are observed over most fractions with
Increases in early fractions with extraction duration offset by decreased
residual copper. Similar changes in distribution were observed to a greater or
lesser extent for all the metals examined.

Total Metal Recovered as a Proportion of Total Metal by XRFS

The sequential extraction procedure does not recover all metal present in
sludge. When compared against XRFS values for total metal, the percentage of
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each metal recovered by sequential extraction lay within the following range for
all sludges studied: zinc 64.5-92.5%; lead 57,9-80.2%; cadmium 70.3-83.0%;
nickel 62.6-106.3%; copper 53.6-74.8%; chromium 85.6-119.7%.

DISCUSSION

The results have shown that each metal had a characteristic fractionation
profile which was independent of sludge type. Metals in the 'exchangeable',
'sorbed' and 'organically-bound' fractions are likely to be comparatively mobile
following sludge disposal and are therefore of particular interest. Nickel
showed the highest concentrations in the 'exchangeable' and 'sorbed1 fractions
whilst for zinc, lead, cadmium and chromium the 'organically-bound' fraction was
dominant (Fig. 1). It will be of interest to see whether the organically-bound
metals move into the 'exchangeable' and 'sorbed' fractions following microbial
degradation on disposal or whether they transfer into less extractable forms.
Mobilisation of metals could result from acidification of the substantial
'carbonate' fractions of cadmium, lead and nickel or oxidation of the 'sulphide'
fraction of copper (Fig. 1). However, the complete fractionation procedure did
not always account for the total metal content of the sludges as estimated by
XRFS and concern for the environment would be allayed if it can be shown that
metals gradually revert to this recalcitrant fraction following sludge disposal.

Despite the fact that the chosen fractionation scheme is operational, with some
overlap between fractions and incomplete definition of the fraction components,
the procedure provides insight into the affinity of metals for sludge from which
it may be possible to predict their behaviour following disposal. It extends
the information provided by conventional determinations of metals in sludge which
commonly use a single extractant to estimate 'total' metal content. More
sophisticated techniques are desirable for research purposes but are unlikely to
be adaptable for routine use. If the method is to be adopted for routine use it
will be necessary to standardise the procedure because the results are affected
by drying, by storage of liquid sludge and by extraction time, as discussed
below. It has been demonstrated that reproducible results can be obtained
provided a standard procedure is followed (Fig. 1). Final definition of the
procedure will depend partly on which fractions prove to be most indicative of
environmental effects of metals following sludge disposal, especially as regards
bioavailability.

Most groups of workers studying metals in sludge have worked with dried
sludges. There are several advantages to this form of sludge, including
relative homogeneity, stability and ease of handling. However, it is possible
that the forms taken by the metals may be influenced by the drying process. In
order to assess this, studies have been undertaken on liquid and dried forms of
the same sludges. The results suggest that the distribution of sludge netals is
qualitatively the same for corresponding liquid and dry sludges, but frequently
different quantitatively. In the case of zinc, the observed differences were
often large enough to result in a change in the dominant fraction from
'organically-bound' to 'carbonate'. The drying process does effect the apparent
distribution of metals, and results obtained from liquid sludges may be more
relevant to the field situation since the water content of sludge as disposed
usually exceeds 65% even after dewatering treatment.

Liquid sludges are not stable materials, and chemical, biological and physical
changes are continuously taking place. Such changes may have profound effects
on the metals present; studies have therefore been undertaken on a liquid
digested sludge (likely to be one of the more stable sludge types) to assess the
direction and magnitude of any changes in metal forms as a consequence of



598 R.J. OAKE, C.S. BOOKER and R.D. DAVIS

storage. Of necessity, such studies are long-term and consequently only a
limited amount of information is currently available. However some interesting
trends have emerged, which indicate that changes in metal forms are taking
place, and that the changes are different for different metals. Copper shows
virtually no change, chromium and cadmium small changes in the magnitude of
fractions, but zinc, lead and nickel show large changes* For zinc and lead,
there seems to be a shift towards the 'carbonate' and 'sulphide' fractions, the
metal being derived from the 'organic' pool. The magnitude of the shift is of
the order of 20% of the total metal recovered in each case, and considering that
the duration of the experiment was only one month, this is a very substantial
change. A shift of the same magnitude, but in the opposite direction is
observed with nickel, where there was a substantial Increase in the proportion
of metal in the 'sorbed' fraction, derived predominantly from the 'carbonate'
pool. Further studies are in hand to confirm these trends with other sludge
types and to establish the patterns over longer time periods.

Thus, both the state of the sludge (liquid or dried) and the age of the liquid
sludge appear to influence the observed distribution of metals using the
sequential extraction procedure. It has long been recognised that such
procedures are operational, and need to be applied in a standardised way to
enable any information of value to be derived. This is exemplified by the
results obtained for this extraction procedure using various times of
extraction. Extraction of sludge for 1, 2, 4, 8 and 16 hourB for each
extractant results in substantially the same recovery of each metal. However,
the distribution of the metals was dependent on extraction duration, and
particularly pronounced changes in the distribution of zinc, copper and nickel
are observed. At this stage, it is not possible to say which of the
distributions most reflect the true metal distribution in sludge, and the chosen
extraction time of 16 hours is arbitrary. However it is clearly of prime
importance to establish and maintain a constant procedure, since other factors
such as severity of shaking, sludge to extractant ratio, temperature etc may
also be important. Serious errors can result from interpretation of data
generated under variable conditions.

The next phase of work will follow changes in the fractionation of metals with
time after sludge has been mixed with the substrates associated with major
disposal routes (soil, seawater, landfill). In particular, it is intended to
follow the fate of metals associated with the organic fraction of sludge (which
accounts for 3-72% of the total recovered by the fractionation procedure) with a
view to establishing whether this metal becomes more or less available for
leaching, dispersion and especially for biological uptake. By this means it may
be possible to extend routine analysis of sludge to provide insight into the
significance of metal contamination following disposal and to identify which
treatment and disposal practices are associated with minimum environmental
impact.
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CONTROLLING METAL UPTAKE
FROM HEAT-TREATED SLUDGE
APPLIED TO GRASSLANDS

J. W. Vail and D. G. Dcvcy

City Engineer's Department, Port Elizabeth, South Africa

ABSTRACT

A Zimpro heat-treated sewage sludge containing high levels of zinc, nickel, lead
and chromium was successfully used to establish high-grade pastures and turf on
two different coastal soils in South Africa, using guidelines developed in the
United Kingdom to control the rate of application. The properties and
composition of the sludge and soils are described and levels of metals in the
grass are reported. The rates of application suggested by the guidelines were
effective in preventing excessive metal uptake. The results obtained are
discussed in relation to tentative guidelines for controlling sewage sludge
applications to land in South Africa,

KEYWORDS

Sewage sludge; heat-treatment; metal uptake; soils; pastures; composition;
grass; guidelines; South Africa,

INTRODUCTION

The disposal of sewage sludge to land is widely practised in South Africa. It
has been estimated that 62 per cent of the sewage sludge produced in the Cape
Province is eventually used on land (Engelbrecht, Nell and Steer, 1981), while
the figure for the country as a whole is similar (Barnard, 1976),
Until 1982, South African guidelines for the use of sludges for agricultural and
horticultural purposes were concerned only with hygienic quality (Smith, 1977;
Nell and others, 1980; Oberholster, 1982) and not with the control of
potentially toxic metals or other chemical constituents. In this respect they
differed from overseas practice in, for example, the United Kingdom and the USA.
The first, tentative guidelines to limit the levels of metals in sludge applied
to land under South African conditions were published by Nell and Engelbrecht
(1982), after the experiments reported here had begun.

The opportunity to use Zimpro heat-treated sludge for the establishment of
high-grade pastures, and for turf production, first arose in 1980 in the
vicinity of Port Elizabeth in the Cape Province. The local, sandy soils,
supporting only low-grade pastures, were known to be deficient in nitrogen,
organic matter and some essential trace metals and to have poor moisture-
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TABLE 1 Chemical Caipositicn of Pert Elizabeth Heat-treated Sewage Sludge

All results expressed
en dry solids

Port Elizabeth sludge (1961)

High Low

U.K. slucfees;
range of median

Average concentrations
(Dept. of Environrnent, 1377)

Average composition
of sewage sludges

(adapted fron Ci l l i e ,
1979)

Total nitrcgen (N) %
Total phosphorus (P)%
Potassium (K) %
M=@nesium (Mg) %
Calcium (Ca) %
Total sulphur (S) %
Iron (Fe) %
Manganese (Mn) rng/kg
Zinc (Zn) mg/kg
Copper (Cu) mg/kg
Nickel (Ni) Jig/kg
Lead (Fb) mg/kg
Chromium (Cr) mg/kg
Cadnium (Cd) mg/kg
Cobalt (Co) crg/kg
Selenium (Se) mg/kg
Mercury (Hg) ngAg
Molybdoiun (Mo) ng/kg

3,2
1,4
0,41

0,61

0,21

1,1
1,8
440

6065

420
2C0
1880

2250

12,0

8,0

4,6

2,5
0,4
0,C9

0,35

0,10

0,90

1,1
69

2840

270
79
697
480
2,0
1,5

COMPOSITE
3,85

COMPOSITE

2,9
1,1
0,23

0,47

0,15 (1932)

0,77

1,3
280

4554

322
124
1193

1189

5,7
3,1 (1982)

2,53 (1982)

4,2
1,09 (1982)

2

1500

600
50
2C0
ICO
7

3

- 5
-
-
_
-
-
-
-
- 30CO

- 8C0

- 80

- 7C0

- 4C0

- 50
-

5
- 5

5

2 - 3
0,9 - 1,3
0,04 - 0,2

0,32
120
1200

800
40
160

30

- 0,4

- 150

- 1500

- 1000

- 50

- 200

- 40

tr"
a
a.
a
n. 

D
E

V
E

Hexavalent chromium less than 3 rig/kg
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retaining properties while Zimpro sludge is well-suited to use on land by
virtue of its relatively low bulk, ease of mechanical handling, freedom from
pathogens and a fair degree of fertilizer and soil-conditioner value. The only
problem was the raised levels of certain potentially toxic metals in the sludge,
derived from industrial effluents. This paper describes a full-scale experiment
in which 35-45 metric tonnes (t) per day of heat-treated sludge cake were used
to improve the quality of pastures and turf production on two widely different
soils over a period of two years.

DESCRIPTION OF THE SLUDGE

The sludge was derived from a conventional, extended aeration, activated sludge
plant, treating domestic sewage and industrial affluents. After gravity
thickening it was conditioned by the Zimpro wet-air oxidation process, at
180-190 °C and 2 MPa pressure, and dewatered by centrifuge after the addition of
polyelectrolyte. The final cake for disposal contained 35-43 percent dry solids,
consisting of primary and waste activated sludges in the approximate ratio of
2:1 by mass. The total mass of sludge disposed of to land was about 15 t dry
solids per day or 35-45 t per day of moist cake with the following properties.

Chemical Composition

A chemical analysis of the sludge is given in Table .1, in which its composition
is compared with some typical values reported in the literature for the normal
range of sewage sludges (Dept. of Environ., UK., 1977; Cillie, .1.979). The sludge
was high in zinc, nickel, lead and chromium but low in cadmium, selenium and
mercury. Nitrogen, phosphorus and potassium levels were average and sufficient
to give the sludge a fertilizer value, provided application rates were not
limited by the heavy metals.

Hygienic Properties

The temperature and pressure applied in the Zimpro process ensured that the
treated sludge was free from all viable micro-organisms. Tests carried out by an
independent laboratory have shown that no potentially infectious Ascaris
lumbricoides ova are present after heat treatment, although the sludge can
contain up to 8000 ova/g dry solids prior to treatment. Regular testing has also
shown heat-treated sludge to be free from bacterial spores at all times.

It is clear that one of the main advantages of using heat-treated sludge for
farming or horticultural operations is its total freedom from pathogens. This
places it in the category for unrestricted use under the health-orientated South
African guidelines for disposal (Oberholtzer, 1982). Other points in its favour
are its low nuisance (smell) potential and the ease with which it can be
mechanically handled and spread. These advantages, combined with the fact that
the cost of heat-treatment need not be as high as is popularly imagined, mean
that the Zimpro process should command more attention in future than it has up
to now.

THE SLUDGE DISPOSAL OPERATION

Disposal Sites and Farming Operations

Two farmers were involved, working on widely different farming operations and
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soil types (see below for description of soils).

Pasture establishment. In this operation the purpose was to establish new,
high-grade, Kikuyu grass pastures, with a carrying capacity of 6 to 7 stock
units/hectare, to replace the naturally occurring veld pasture (coastal lowland
veld), which can carry only 1 stock unit/hectare, on the low-lying, calcareous,
sand-dune soils found extensively along the Eastern Cape coast. The sludge,
which was ploughed in prior to planting, replaced the artificial, nitrogenous
fertilizer that would otherwise have been necessary to ensure high yields of
grass.

Turf production. The purpose of the second operation was to improve the yield
and quality of turf production by spreading sludge on the surface of grass plots
(Cynodon sp./Kikuyu mix) which were subsequently harvested as turves for use in
grassing newly landscaped areas. The soils in the area, a few kilometres inland
from the sand-dune soils described above, are acid sands derived from sand-
stones.

Both farmers shared the transport which comprised two 10 t tipper-trucks working
round the clock. Sludge cake was delivered by conveyor belt directly from the
centrifuges to the lorries. At the farms, both about 30 km from the sewage
works, the sludge was loaded into a tractor-drawn spreader which pulverised and
distributed it by means of chain flails.

DESCRIPTION OF SOILS

Calcareous Sand-dune Soil (in the pasture development area)

This soil is an undifferentiated, loose, calcareous, white sand developed from
beach sand dunes over soft limestone ('calcrete') at widely varying depths. The
veld soil has a surface organic layer, 100-150 mm deep, which is relatively well
supplied with nitrogen and phosphorus, but once this layer is depleted the soil
is deficient in nitrogen, potassium and trace metals such as copper, zinc, iron
and molybdenum. The metal deficiencies may be pH dependent. pH's range from 7,7
to 8,2 depending on drainage and organic matter content. For soil analysis see
Table 2(a).

TABLE 2(a) Analysis of Surface Soils for Pasture Development
Composite of 8 Samples, 0-15 cm

Calcareous sand-dune soil

pH
Conductivity of 1:5 Soil water extract (mS/m)
Orggnic matter %
Total Kjeldahl nitrogen %
Total phosphorus mg/kg

Acid Sandy Soi l ( in the t u r f production area)

Depth

Site A

8,1
61,3
4,1
0,23
706

Site B

8,25
23,0
2,2
0,25
552

This soil is an undifferentiated loose grey sand developed from sandstone. It is
naturally low in organic matter and has a very poor nutrient status. pH's range
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from 5,2 to 6,0. For soil analysis see Table 2(b).

TABLE 2(b) Analysis of Surface Soils for Turf Production
Ccrtposite of 6

Acid sand over sandstone

pH
Conductivity of 1:5 so i l water extract
Organic matter %
Total Kjeldahl nitrogen %
Total phosphorus irg/Kg

Sarrples

(mS/m)

0-15 cm Depth

Site A

5,2
5,1
0,27
0,05
36

Site B

5,65
5,2
0,28
0,06
125

CHOICE OF GUIDELINES AND RATES OF APPLICATION

The implications for crops, animals, man and the environment of potentially
toxic metals in sewage sludge applied to land are of obvious significance and it
is generally accepted that some form of control is essential. Most countries
have favoured the introduction of guidelines rather than regulations to control
normal practice. At the time the operations reported here were begun, no South
African guidelines existed for the control of metal uptake. A study was made of
overseas practice and research, particularly in the USA (Hyde, 1976; Garrigan,
1977; Pahren, 1979) and the United Kingdom (Chumbley, 1971; Coker and Davis,
1978; Beckett, 1979; Jamieson and Hurley, 1979; Webber, 1979). It was eventually
decided to adopt the guidelines published in the Report of the Working Party on
the Disposal of Sewage Sludge to Land, issued by the U.K. Department of
Environment (1977).

The Working Party's recommended limits are summarised in Table 3; for a detailed
derivation of the limits the reader is referred to the original publication.
Important qualifications to the limits are as follows:
(a) Because the phytotoxic effects of zinc, copper and nickel may be additive,
the concept of the zinc equivalent is introduced. The zinc equivalent is the sum
of the zinc content of the sludge, twice the copper content and eight times the
nickel content and the limit for the maximum permissible addition of zinc
equivalent over 30 years is set at the same level as that for zinc.
(b) The recommended rates of application of zinc, copper and nickel are set for
the most sensitive crops and dressings may be doubled on pastures where there is
no possibility of the land being ploughed for crops.
(c) Since copper and zinc uptakes are reduced in alkaline soils the recommended
application rates may be doubled on soils with a pH of 7 or more. Relaxations
(b) and (c) do not apply to other metals.
(d) The maximum application of any one element in one year may be 1/5 of the 30
year total provided the long term annual average is maintained (i.e. further
additions must be adequately spaced in time) and the maximum annual application
for nitrogen is not exceeded (the nitrogen restriction was later withdrawn).
(e) To minimise risks from direct ingestion, a maximum limit for lead in the
sludge of 2000 mg/kg dry solids is imposed for applications to pastures.
(f) The molybdenum level in herbage on sludge treated soils should not be
allowed to rise above 3 mg/kg dry matter because of the risk of inducing copper
deficiency in animals.
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(g) In calculating sludge applications the "available" (extractable) metal
levels already in the soil must be subtracted from the total permissible levels.
The maximum cumulative addition of sludge is calculated quite simply for each
element as follows:-

Tons (metric) of sludge (dry solids) per hectare over 30 years

= recommended max. addition (Table 3) of a particular element (kg/ha) x 1000
total content of particular element in sludge (mg/kg).

Any relaxations or restrictions under paras, (a) to (g) above are then applied
and the acceptable cumulative total for sludge application is the lowest, or
limiting, figure.

TABLE 3 Summary of the Main Criteria for Metals from the U.K. Guidelines (1977)

Maximum permissible cumulative addition of
element in kg/ha over a 30 year period

Zinc 560
Copper ?80
Nickel 70
Zinc equivalent 560
Chromium 1000
Cadmium 5
Lead 1000
Mercury 2
Molybdenum 5
Arsenic 10
Selenium 5

Boron (Pastures) 1st year 7; subsequent years 4,5
(Arable) 1st year 5; subsequent years 3,5

Zinc equivalent = zinc + (2 x copper) + (8 x nickel)

The zinc equivalent (6190 mg/kg, Table 1) was the limiting factor for the sludge
used in the operation reported here. Allowing a maximum permissible addition of
zinc equivalent over 30 years for pastures of 1120 kg/ha (i.e. twice the figure
in Table 3) , and assuming extractable metal levels in the natural soils to be
negligible, the maximum permitted sludge application over 30 years was 181 t/ha,
or 181/5 = 36,2 t/ha in any one year. With an average moisture content of 65 per
cent in the sludge cake, the maximum application of cake in any one year was
103 t/ha and the annual average was not to exceed 17,2 t/ha.

It was decided, therefore, to limit the application of sludge cake on the
alkaline, pasture soils to 100 t/ha as a single application (under the guideline
restrictions no further addition will be allowed for 6 years - see (d) above).
This figure is based on an average zinc equivalent whereas, in practice, both
the zinc equivalent and the moisture content of the cake can vary significantly.
To allow for these variations in sludge composition, a composite sludge sample
was analysed weekly and the appropriate application rate calculated from the
results obtained. For calculated rates of 100 t/ha and more, the application was
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maintained at 100 t/ha but if the calculated rate was less than 100 t/ha then
the actual application rate was reduced to the appropriate level.

The application rate discussed above was used throughout the operation but, for
experimental purposes, it was decided to set aside 5 two-hectare plots to which
sludge cake was applied at the rates of NIL, 50, 100, 150 and 175 t/ha
respectively and to use these plots for the monitoring of metal uptake.

The guidelines are not entirely relevant to turf production in which metals do
not enter the animal or human food chain. The sludge was not ploughed in, no
grazing was permitted and the sludge was removed with the turf. On the other
hand it was realised that metal uptake could be relatively high on such acid
soils and it was decided to restrict the maximum application rate for each turf
production cycle to the same figure as that for pastures (i.e. 100 t sludge
cake/hectare in a single application).

RESULTS

Sludge: weekly analysis of a composite sample (see Table 1),
Grass: (i) from the turf production farm, samples analysed at approximately
3-monthly intervals from two fields (see Table 4).

(ii) from the pasture establishment farm, samples analysed at approxi-
mately 3-monthly intervals from the NIL, 50, 100, 150 and 175 t/ha experimental
plots, starting 3 months after planting (see Table 5).

Variations in metal levels were due to the growth cycle as well as seasonal
changes since the experimental pasture plots were regularly grazed and the turf
plots either cut or removed at intervals. No results are available for mercury,
due to analytical problems, but the sludge was low in mercury and plant uptake
of mercury is known to be low.

Soils. Surface soil from the sludge treated areas on both farms were analysed at
6-monthly intervals. The results are not reported here, being generally
consistent, in the case of the pasture plots, with the amounts of sludge added
and confirming, in the case of the turf soils, that the sludge was largely
removed with the turves.

TABLE 4 Analysis of Grass Saiples (turf) All results expressed in mg/kg dry matter

Zinc
Copper
Nickel
Chromium
Cobalt
Cadniun
Lead
Molybdenum
Selenium

127
18,2
7,0
18
0,3
0,3
6
-

—

b

208
16,3
5,8
IS
0,2
0,1
15
0,27
0,39

SITE A

c

196
13,0
3,7
18,5
0,1
0,1
18
0,49
0,14

d

89
10,8
2,5
4,5
0,1
0,1
3

0,27
0,25

e

117
7,8

1,3
5,4
0,2
0,1
2
_

—

a

98
11,6
5,0
11
0,2
0,2
9
-
—

SITE

b

1B6
8,9
3,3
5,4
0,2
0,3
2,5
0,25

0,39

B

c

183
18,6

6,8
11
0,2
0,3
45
0,33
0,45

d

145
10,9

2,5
5,1
0,3
0,1
4

0,33
0,15

e

124
10,3
3,0
2,3
0,3
0,3
14

—

JWBT AMSTERDAM 2-1,
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Table 4 (continued)
Time of sarqpling after Initial application:
Site A: a

c
e

Site B: a
c
e

- 9
- 15
- 21
- 2
- 9
- 15

Seccnd planting anc
Site A: at
Site B: at

a

Iron 152
Mangan-
ese 79

Zinc 43
Copper 3,7
Nickel 5,3
Chro-
mium 3,3

Cobalt 0,1
Cadmium
Lead 0,8
Motyb-
dsnun

Sele-
nium

Iron
Manganese
Zinc
Copper
Nickel
Chromium
Cobalt
Cadmium
Lead
Molybdenum
Selenium

months;
months;
months.
months;
months;
months.
I sludge

12 rrmths
8 months.

T

b

68

60
34
4,1
2,0

1,4
0,1

1,8

0,34

—

a

139
51
73
4,4
2,8
2,0
0,1

1,0
-
—

ABLE 5

c

81

38
47
3,8
2,4

3,2
0,2

0,8

0,32

0,4

b

84
31
57
6,7
4,0
1,2
0,1

_

—

b
d

b
d

- 13 months;
- 18 months;

- 7 months;
- 12 months;

application:

Analysis

NIL

d

80

29
71
7,6

1.2

1,2
0,1

0,8

0,30

0,05
?

150
c

34
20
64
6,8
2,0
6,8
0,1

0,5
0,34
0,3

e

70

36
37
3,6
0,8

1,2
0,1

0,8

0,30

0,3

of Grass Samples (pasture

Sludge cake application

f a

83 128

28 47
51 92
4,7 6,5
1,0 3,8

1,3 3,3
0,1 0,2

b

75

32
62
5,6
4,0

2,9
0,2

All samples 0,1
0,3 1,0

— — i

— —

1,0

c

45

20
45
6,4
1,8

6,4

0,1

50

d

60

31
73
5,1
1,0

2,2
0,1

or less
0,5

0,23 0,33

- 0,25

Sludge cake applications

d

68
46
77
6,2
1,9
1,5
0,1
All i
1,0
0,34
0,05
7

e f

80 103
50 25
79 -
6,3 4,3
0,9 1,2
1,0 3,0
0,1 0,1

samples 0,1
1,0 0,3

0,33 -
0,15 -

a

96
79
70
5,1
2,5
1,0
0,1
or 1(
0,5
-

—

b

73
55
74
7,5
3,0
2,0
0,1
sss
1,0
-

—

1,3

0,34

0,8

t/ha
175
c

43
27
64
6,6
2,9
6,6
0,2

0,5
0,36
0,5

) (all

t/ha

e

83

51
82
9,6
0,4

1,1
0,1

0,5

0,34

0,3

d

96
31
132
4,2
1,5
1,4
0,1

1,0
0,29
0,5

. results

f

85

25
44
3,8
1,0

1,8
0,1

0,8

-

—

e

65
36
91
4,1
0,6
0,8
0,1

1,3
0,34
0,7

a

132

45
76
-

7,2

2,6
0,1

0,5

-

-

f

129
40
110
6,5
1,5
3,9
0,1

0,5
-
—

in mg/kg dry matter)

b c

112 107

34 28
70 93
9,2 7,7
9,0 3,1

6,0 7,7
0,2 0,1

1,3 1,4

0,21 0,30

- 0,8

100

d e

60 61

29 26
86 60
7,6 4,1
1,2 0,8

2,0 1,0
0,1 0,1

1,3 1,0

0,34 0,33

0,4 0,4

Time of sampling
after

a -
b -
c -
d -
e -
f -

planting

3 months
7 months
10 months
13 norths
15 months
IS months

f

93

21
88
6,1
1,1

2,1
0,1

0,5

-

—
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TABLE 6 Metal Levels and Tolerances In Pastures and Crops

RECOMMENDED AVERAGE MAXIMUM
All expressed MINIMUM LEVELS REPORTED LEVELS TOLERABLE
en dry matter IN PASTURES IN UNTREATED DIETARY LEVELS*
and in mg/kg FOR CATTLE"1" PASTURE

LEVELS PROPOSED BY
NELL & ETKELBRECHT
(1982) FtR CROPS
P = Phytotoxic
Z = Zootoxlc

Iron 100 1C00 Cattle
500 Sheep

Manganese 50 1000-Cattle, Sheep

Zinc 40
b: 74;
c: 20 - 50;

500 Cattle
300 Sheep

12-20

200 (P)

Copper 8-10
b:ll; c:6-10;
d(i)(ii): 3-5

100 Cattle
25 Sheep

20 (P)

Nickel
b:5; c:l-4;
a.d (i) (ii)
(ill): 1-5

50-Cattle, Sheep 10 (P)

Chranium
c: 0,2-1,0
d(iii): 1-4

1000-Cattle, Sheep 10 (P)

Cobalt 0,1 10-Cattle, Sheep 6 (P)

Cadmium b:0,2-0,4;
d(v): 0,5;

0,5-Cattle, Sheep 0,5 (Z)

Lead

Mercury

Molybdenum

Selenium

0,04-0,2

a:3,0; c:0,2-
8,0; d(i)(ii):
0,5-1,0

-

a: 1,0,
max. 3,0
d(ii): 0,5

a: 0,1-0,5

*
30-CattLe, Sheep

2-Cattle, Sheep*

3(a)
10-Cattle, Sheep

2-Cattle, Sheep

10 (Z)

1 (Z)

10 (Z)

-

* levels based on human food chain considerations

+ Recommended miniinjn levels in pastures: Prof. F.J. van der Merwe, private
connunication (1976)

-H- Maximjn tolerable dietary intake: Nat. Res. Council, USA, (1933)

a. Dept. of Environ., UK, (1977)
b. ftyde (1976)
c. Webber (1979)
d. Int. Ccnf. Heavy Metals m the Environ. (1979) (i) p.309 Table V

(ii) p.207 Table II
(ii i) p.551 Table II
(iv) p.528 Table 2
(v) p.553
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DISCUSSTON AND CONCLUSIONS

As a farming operation the collection, transportation and spreading of the
sludge presented no problems. To assess the results in terms of metal uptake the
composition of the sludge-treated grass must be considered in relation to,
firstly, the dietary tolerances of grazing animals and maximum allowable limits
in the human food chain (zootoxic effects) and, secondly, the health of the
plant (phytoxic effect). Information from the literature on these aspects is
summarised in Table 6, which includes the tentative maximum allowable levels of
metals in crops (not pastures) proposed by Nell and Engelbrecht (1983) as a
basis for their South African sludge application guidelines.

The metals of most concern were z.inc, nickel, lead and chromium since these were
high in the sludge. According to the U.K. guidelines, zinc equivalent was the
limiting factor. On the calcareous soil (Tabled ) zinc levels were raised by the
sludge but at their highest (130 mg/kg dry matter) remained within the
phytotoxic maximum suggested by Nell and Engelbrecht (1982) and well within the
zootoxic maximum. Nickel, lead and chromium levels were within normal limits.
The fact that the sludge dose rate on one plot was as high as 75 per cent above
the recommended level suggests that the U.K. guidelines for zinc equivalent may
be conservative for pastures on calcareous soils (perhaps the relaxation for
pastures and high pH can be taken as cumulative?).

On the acid soils (Table 4 ) metal uptake was generally much higher, as would be
expected. Zinc and copper levels at times approached, and chromium initially
exceeded, the phytotoxic limits proposed by Nell and Engelbrecht (1982) for
crops, though they were well within the zootoxic maxima. The high initial
chromium levels appeared to drop with time. Lead was within the suggested
American zootoxic level (Nat. Res. Council, 1980) but, on occasion, outside that
suggested by Nell and Engelbrecht (1982) . The lead results were erratic and
difficult to explain. Interpretation of these results is further complicated by
the second sludge application. More investigation will be necessary before the
pattern for metal uptake on acid soils can be established, but the results to
date emphasise the importance of Roil pH.

Since .1977, when they were first published, extensive and favourable experience
has been gained with the use of the U.K. guidelines in Britain (Coker, 1982;
Matthews, 1982). Revisions have been of a minor nature and concern only
nitrogen, fluorine and molybdenum (Dept. of Environ., U.K., 1981). There is
evidence that the metal limits are too strict (Coker and Matthews, 1982) and the
results reported here confirm this for the zinc equivalent on calcareous (high
pH), pasture soils. In the light of the U.K. experience, the tentative South
African guidelines for metals, proposed by Nell and Engelbrecht (1982), may be
too conservative in those cases where their limits are even stricter than those
of the U.K. However, their proposals represent a valuable starting point for
South African conditions and it is hoped that they will be able to extend their
investigations to pastures and other soil types in order to establish firm
guidelines.

Until then, the authors believe that the U.K. guidelines can be safely used in
South Africa on the calcareous soils found near coastal towns in the Cape and on
inland 'calcrete' soils as well. They also believe (unlike Nell and Engelbrecht)
that the concepts of the zinc equivalent, and of setting a period of time to the
maximum allowable application of sludge, should not be discarded at this stage.
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ABSTRACT

Although chlorine dioxide does not form trihalomethanes (THM) and produces very
few non-volatile haloorganic materials in drinking water, intensive
investigations bearing on the formation of chlorite by ClOg disinfection reveal
that the rate of chlorite formation reflects the rate of C102 consumption and as
long as the amount of C102 applied is behind its demand, about 60% of the
chlorine dioxide consumed is converted into chlorite.

Mixtures of Cl2 and C102, which may successfully reduce the formation of
haloorganic compounds, as well as of chlorite in the absence of bromide, fail to
do this where water rich in bromide is concerned. As a result of bromide
oxidation by chlorine, bromine is formed, which in turn reacts more intensively
with organics than does chlorine and thus favours the formation of THM and other
halogenated organic materials.

This problem can, however, be circumvented if C102 is allowed to react in water
with the organic precursors before chlorine is introduced. A pre-treatment with
1 ppm of C102 two hours before the application of 2 ppm Cl2, was found to reduce
the formation of THM by 601 relative to its formation by chlorine alone, and the
chlorite is reduced in this case by up to 90S relative to its formation by
chlorine dioxide alone.

This is of particular importance since it can solve some of the major problems
bearing on the impact of disinfection upon the formation of undesirable
by-products.

KEY WORDS

Disinfection; chlorine dioxide; ehlorinedisinfection by-products; trihalo-
methanes.
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INTRODUCTION

Although chlorine dioxide has the advantage of not producing trihalomethanes
(Mallevialle, 1978; Miltner, 1976) and reducing the formation of non-volatile
haloorganic materials relative to chlorine (Rav-Acha and co-workers, 1983;
Stevens, 1982; Takahashi, 1981), it is reduced by aquatic organic materials
mainly to chlorite (Noach and Doerr, 1978; Stevens, 1982). This is undesirable
by itself because in relatively high concentrations it may cause hemolytic
anemia (Abdel-Rahman, 1981j Bull, 1980).

It seems, therefore, that more attention should be paid to the possibility that
the above-mentioned undesirable by-products of both chlorine and chlorine
dioxide can be minimized by the proper use of both disinfectants together either
in mixtures or in sequences. In such a case, the ClOg may compete with chlorine
on the organic precursors, thus reducing the formation of chlorinated by-
products, while the chlorine can in turn oxidize the chlorite, which is the main
reduction product of chlorine dioxide.

Noach and Doerr (1978) have shown that when mixtures of Cl2 and ClOj are applied
to aquatic solutions of humic acid, the formation of both chloroform and
chlorite is reduced relative to their formation, when the two oxidants are
applied individually. The reduction in CHC1, formation increases with the ratio
ClOj/Clj, while the reduction in chlorite formation increases with the portion
of chlorine in the mixture. A 1:1 mixture was therefore found to be optimal for
the reduction of both undesirable by-products. As far as the formation of CHCl,
is concerned, Miltner (1976) came to similar conclusions when he applied
mixtures of Clj and CIO2 to raw water of the Ohio River, but he reported no data
concerning the effect of such mixtures on the formation of chlorite. Miltner
also recognized that the same reduction in THM formation could be achieved if
ClOg was applied to the water before treatment with chlorine.

Chow and Roberts (1981) reported that upon treatment of wastewater secondary
effluents with mixtures of C12/C1O2, not only the formation of THM's was reduced
relative to this formation by chlorine alone, but the formation of non-volatile
halogenated compounds (measured as TOX) was also reduced by a similar ratio.
However, neither Miltner nor Chow and Roberts studied the formation of
chlorite. All of the above studies were dealing with water poor in bromide.

The whole situation becomes more intricate, however, where water rich in bromide
is concerned. As a result of bromide oxidation by chlorine, bromine is formed,
which on the one hand reacts more intensively than chlorine itself with aquatic
organics and thus favours the formation of halogenated products (Rook, 1978;
Rav-Acha and Blitz, 1983) while on the other hand, it can hardly oxidize
chlorite as its oxidation potential is considerably lower than that of
chlorine.

In the following paper, we intend to broaden the available information on the
formation of chlorite by chlorine dioxide, and to discuss the conditions under
which the formation of chlorite by CIO-, as well as of halogenated organic
products by chlorine can be minimized, where water rich in bromide is
concerned.

EXPERIMENTAL

Samples of raw water were taken from Lake Kinneret, before entering the National
Water Carrier of Israel, and transferred to our laboratory in 10-liter
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polyethelene containers. The water samples were stored at 4°C in a dark place
until designated experimentation periods.

Reactions were initiated by adding to the water samples calculated amounts of
either Cl2, C102, or their mixtures taken from previously prepared stock
solutions of those oxidants. The water containers were then closed leaving no
head space, and allowed to react at 25°C in a dark place for the indicated time
periods. Only the samples for trihalomethane (THM) measurements were trans-
ferred immediately following the addition of oxidant into teflon-cap 25 ml
volumetric flasks, which were subsequently wrapped in aluminum foil.

The determination of THM and of Total Organic Halogens (TOX) were described in
detail in a previous paper (Rav-Acha and co-workers, 1983).

The chlorite concentrations were determined by pulse polarography by a modifica-
tion of the method described Ly Masschelein (1979). A 40 ml aliquot of water
from the reaction container above-described, was poured into a polarographic
cell. The solution was bubbled with a strong stream of nitrogen for half an
hour, and 2 ml of 1M buffer acetate at pH = 4,5 were added. It was found that
neither the bubbling, nor any trace amounts of chlorine, if still present,
interfered in any way with the chlorite measurements. The instrument used was a
Polarographic Analyzer made by Princeton Applied Research model 174A. It was
operated in the pulse mode under the following conditions: drop time 1 s;
current scale 1 uA; 0-1.5V scanning at a rate of 10 mv/sec. The errors were in
the range of 0.005 ppm chlorite.

Residual chlorine was measured by the iodometric method described in "Standard
Methods" (1980), and the C102 concentrations by both the iodometric method and a
spectroscopic method based on its reaction with chlorophenol-red as was
described by Wheeler and co-workers (1978).

RESULTS AND DISCUSSION

The Formation of Halogenated Organic Products by Cl- and of chlorite by ClOp

A comparison between chlorine and chlorine dioxide with regard to the formation
of THM and other halogenated products was described in detail in a previous
paper (Rav-Acha and co-workers, 1983). It was found that ClOg does not produce
THM, and forms very few non-volatile halogenated compounds which were attributed
to a small amount of chlorine which was produced upon the reactions of C102 with
aquatic organic materials.

As for the chlorite formed by C102, Table 1, as well as Fig. 1, show the rate of
chlorite formation versus C102 consumption, after the treatment of raw water
from Lake Kinneret, with 1 ppm of CIO.,, Apparently, the rate of chlorite
formation reflects the rate of C102 consumption, the chlorite formed being
consistently around 60% of the C102 consumed.
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TABLE 1 Chlorine Dioxide Consumption and Chlorite Formation
Following the Application of 1 pptn C102 to Water of Lake Kinneret

TIME (HOURS)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
4.0

RESIDUAL C102

(ppm)

1.00
0.68
0.53
0.42
0.35
0.30
0.27
0.23

C1O2 CONSUMED
(ppm)

0.00

0.32
0.47
0.58
0.65
0.70
0.73
0.77

CHLORITE
(ppm)

0.00
0.20
0.30
0.35
0.40
0.42
0.45
0.48

CHLORITE FORMED
C1O2 CONSUMED

0.62
0.64
0.60
0.62
0.60
0.61
0.61

Although the absolute rate of those reactions varies somewhat when water samples
with different organic contents (measured by TOC) were studied, the ratio
[C102~]/ [ClOj consumed] was always approximately 0.6.

This is in accord with reported data concerning the reaction of chlorine dioxide
with various organic model compounds, for which it was found that one mole
reacts with two moles of CIO,, converting one mole (which is 50?) into chlorite,
and the other into either chlorine, or other chlorinated species. Some examples
for such compounds are defines (Lindgren and Svahn, 1965) and phenols (Wayon,
Rosenblatt and Burrows, 1982). This explanation is further confirmed in light of
the fact that humic substances, which constitute the majority of the organic
content in water, are of a polyphenolic nature and therefore most probably react
in the same way.

The 10% excess of chlorite (60? of the C1O2 consumed instead of the predicted
50$) can be attributed to other reactions, such as disproportionation of C102 as
was previously reported by Taube and Dodgen (1949).

The concentrations of chlorite measured 24 h and 48 h after the application
of various amounts of C102 are indicated in Table 2.

TABLE 2 The Concentration of Chlorite 24 h and 48 h
after Disinfection with Various Amounts of C102^

C102 APPLIED C102~ AFTER 21 h C102~ AFTER 48 h
(ppm) (ppm) (ppm)

0.20 0.12 (60) 0.12 (60)
0.40 0.22 (55) 0.22 (55)
0.60 0.38 (60) 0.36 (58)
0.80 0.52 (65) 0.52 (65)
1.00 0.58 (58) 0.60 (60)

'The numbers in brackets indicate the percent of C102 which was converted to
chlorite.
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1.0 • ppm

O.8 -

0.6-

0.4-

O.2 -

Fig. 1. The rate of chlorite formation (-Q-)
versus CIO2 consumption C~»~") after the application
of 1 C10_.

It should be emphasized, however, that all the concentrations of CIO., indicated
in Table 2 are around, or below its demand. Where higher concentrations of
ClOg are concerned, the relative amount of C102~ is naturally lower because some
ClOj remains unchanged. Another point worth noting in Table 2 is that the
concentrations of chlorite after 21 h and 18 h are approximately the same,
indicating that in neutral water, the chlorite is quite stable.

Mixtures of Chlorine and Chlorine Dioxide

The effect of mixtures of Cl 2 and C102 on the formation of THM was studied by
applying 2 ppm of chlorine to a series of water samples, together with various
amounts of C102, so as to achieve the indicated ratios of C102/Cl2. Fig. 2 shows
the reduction in Total-THM (TTHM) formation 12 h after the application of
various C12:C1O2 mixtures to water samples of Lake Kinneret.
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Apparently, these results are very different from those reported by Noaoh and
Doerr (1978), Miltner (1976) and Chow and Roberts (1981), each of whom found
that a 1:1 mixture of C102/Clo was enough to achieve more than a 60% reduction
in THM formation, relative to its formation by chlorine alone. Fig. 2 indicates
that in this case a 1:1 mixture reduces the formation of THM by only 15?. A
possible explanation for the above discrepancy is that the water of Lake
Kinneret is rich in bromide.

. 100

2/2 4/2 6/2 8/2 10/2 12/2 14/2

Fig. 2. The formation of THM vs. the ratio ClC^/Clj

12 hours after the application of C1O 2:C1 2 mixtures.

In order to verify this assumption, two sets of experiments were carried out,
using solutions of commercial humic acid (Fluka) in double distilled water.
While no bromide was added to the first set of experiments, the second set was
enriched in bromide, by adding 3 ppm of KBr. Both sets were treated with the
same mixtures of C10g/Cl2, as indicated above, and the results are shown in
Table 3.
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TABLE 3 The Effect of C102/Cl2 Mixture on the Formation of THM
in the Presence and Absence of Br~

(t=2 hours; pH=7.5; T=25°C)

cio2/ci2

(ppm)
CHC1- CHClpBr

(ppb)
CHClBr2 TTHM % reduction

in TTHM

no Br
added

0 / 2
1/2
2/2
V 2
8/2

15.0
9.5
6.0
4.8
3.0

3.1
2.5
1.8
1.5
1.2

0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0

18.1
12.0
7.8
6.3
4.2

0
34
57
65
77

Br added

0 / 2
2/2
8/2

3.
0.
0 .

0

3

2.
2.
2.

0
0
0

3.
2.
2.

0
0
0

45.
38.
35.

0
0
0

53.
42.
39.

0
3
3

0
20
26

It is quite clear that while chloroform is the dominant species in the absence
of bromide, the brominated compounds become the majority when bromide is
present. It is also quite obvious that as the measurements were taken after 2
hours, the reactions are kinetically controlled, and because bromide attacks
humic acid faster than chlorine (Oliver, 1980), the amount of THM in the
presence of bromide is considerably larger. The most important phenomenon in
this context, however, Is that bromide suppresses the reduction in THM
formation in the case of CIO2/CI2 mixtures.

Table 3 indicates that the phenomenon of C102/Cl2 mixtures not being effective
in our case, can be attributed to the presence of bromide in water. It can be
well understood by means of the following scheme:

. . ^ THM

Cl,

organic precursors + ClO2

Br-

oxidative products (not THM)

Brominated THM

As k^ is of the same order of magnitude as k2, C102 can successfully compete
with Cl2 on the organic precursors converting them into oxidative products
rather than THM. Increasing the C102/ci2 ratio, therefore, results in an
enlarged reduction of THM. Where bromide is present, however, chlorine
spontaneously oxidizes Br~ into Br2. As bromine is formed, k3 >> k 2 (Oliver,
1980) and therefore much higher ratios of C1O2/C12, which are far from being of
practical use, are needed to successfully reduce the THM.

p and Cl9 in Sequence - Chlorine Dioxide Applied Before Chlorine

The problem discussed in the preceding section can be circumvented if C102 is
applied some time before chlorine is introduced, since in such an event, bromine
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would not be formed, and thus would not intervene in the reaction between C102

and the organic matter in water. As a consequence, the organic precursors are

reduced before chlorine is applied, and the amount of THM formed is also

reduced.

A comparison between the amount of THM produced in the water of Lake Kinneret by
2 ppm of chlorine 2 h after a pretreatment with 1 ppm of C102, and without any
pretreatment at all, is shown in Fig. 3. Apparently, the above-mentioned
pretreatment causes about a 60? reduction in the concentration of THM.

A reduction in either the concentration of the C102 or the time it reacts before
the application of chlorine, diminishes its effect on the reduction in THM
formation. Increasing the concentration of C1O2 used for the pretreatment
however, results, in only a minor improvement with respect to the reduction in
THM, as shown in Table 4.

20

18

12

M-1O
-8

8 12 1 6 20

Fig. 3. The formation of THM by 2 Cl, without a
pretreatment (-•—), and after a prefreatment with
1 of CIO- for two hours (- o—) .
ppm 2
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TABLE 4 The Reduction in THM Formed by 2 ppm of Chlorine,

after a Pretreatment with Various Concentrations of C1O2

CONCENTRATION OF C102

USED FOR PRETREATMENT
(ppm)

TTHM

(M/L.IO*8)

19.0
7.5
7.0
6.5

% REDUCTION
IN TTHM

0.0
60.0
63.0
65.8

0
1
2
5

The results in Table 1 indicate that 1 ppm of ClOg reacting for 2 h is enough
for the removal of 60% of the precursors available for THM formation, but more
than 30% of those precursors cannot be removed even by high concentrations of
chlorine dioxide reacting for longer periods.

0.1 •

houn
12 18 24

Fig. 4. A comparison between the formation of chlorite in water
of Lake Kinneret (pH=7.5) after the addition of 1 CIO alone
(-O-), and the addition of 2 p p m of Cl2 two hours IF¥er ClO (-Q-) .

JWST AMSTERDAM 2-M
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Apparently some of the organic precursors, reacting with chlorine to form THM do
not react at all with C102. This verifies some of our previous findings that
the demand of water from Lake Kinneret for chlorine is larger than for chlorine
dioxide (Rav-Acha, 1983)- Some organic materials such as certain amino acids,
which react quite easily with chlorine, fail to react towards C102 (Rav-Acha,
and co-workers, 1983; Rav-Acha, 1983).

Fig. 4 shows that not only the THM, but also chlorite can be significantly
reduced by the above-mentioned combination of 1 ppm of CIO2 followed by 2 ppm of
Cl2, which is applied 2 h after C102.

The sharp decrease in the concentration of chlorite immediately after the
addition of chlorine indicates that the oxidation of chlorite is quite fast. The
decrease in chlorite concentration becomes more pronounced, however, when longer
time intervals are considered, because in such a case, aside from the oxidation
of chlorite which is already formed, the chlorine prevents more chlorite from
being produced, as can be seen from Fig. H.

Apparently, 9 hours after the treatment with Clg, the chlorite is reduced by 73J
relative to this formation by ClO2 alone, and 24 h after the application of Cl2

the reduction is about 90?.

The oxidation of chlorite by chlorine could probably be attributed to the
reactions:

2 C102" + HC10 > 2 C102 + Cl~ + 0H~ AF = -27,000 cal/mole (1)
C102" + HC10 + 0H~ > H20 + Cl" + ClOj" AF = -31,780 cal/mole (2)

The only products of these reactions are Cl~, C102 and ClO^", the relative
amounts of which vary with the experimental conditions and especially with the
pH, as was reported by Taube and Dodgen (19t9). The exact amount of these
products which are formed in Lake Kinneret water, under the above-described
conditions, are now under further examinations.

It should be emphasized, however, that where water rich in bromide is concerned,
as in our case, the chlorine concentration should exceed that of the bromide and
chlorite together. However, in light of the fact that the molecular weight of
bromine is more than twice that of chlorine, the results shown above indicate
that 2 ppm of Cl2 is enough to considerably reduce the chlorite even in the
event the water contains 2 ppm of bromide.

One should also take into account that according to equation (1), the active
species in the oxidation of chlorite is [HC1O]. The results described above
were undertaken at pH=7.5, but at higher pH levels, higher concentrations of Cl
are needed in order to keep the required concentration of the undissociated
hypochlorous acid.

If smaller amounts of chlorine are used, the reduction in chlorite becomes less
pronounced, as will be discussed in more detail in a forthcoming paper dealing
with the intervention of bromide in the chlorine-chlorite reactions.
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ABSTRACT

The material presented represents results of a research on a new method for using
solar energy for municipal and industrial wastewater treatment. This research
seeks to develop economical methods of disinfection and detoxification of waste-
waters which would result in the reuse of effluents for crop irrigation.

Aerated effluents containing dye-sensitizers were exposed to solar irradiation for
various periods of time. The influence of the solar energy, absorbed by these
sensitizers in the visible range, on the organic matter and anionic surfactants in
secondary effluents was checked by determining the COD and MBAS values of treated
wastewater.

The disinfection potential of this method was followed by bacteriological analyses
of running water or secondary effluents, previously contaminated or enriched, res-
pectively, with laboratory cultures of E_. coli, bacteriophages (coliphage X and FJ
and polio virus (type L-Sc 1).

The influence of this photooxidative method was also studied in eutrophic algae
present in the Lake of Galilee. It was found that the conditions under which
disinfection proceeds also support algicidal processes, causing lethal damage to
algal cultures.

Further investigations on stable pesticides (uracil,s-triazine and anilide deriva-
tives) in surface water or industrial wastewater showed that such a method can
also be used for detoxifying pesticides in these waters.

KEYWORDS

Water disinfection; water detoxification; sensitized photooxidation,

INTRODUCTION

Due to the ever-increasing depletion of the natural resources of water, the reuse
of treated municipal wastewater for crop irrigation, for artificial groundwater
recharge, or even for potable purposes, has become a real necessity for countries
of the arid and semi arid zones.

The reuse of effluents for crop irrigation requires that they neither constitute
any hazard for people working in the irrigated fields or handling and consuming

623
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the agricultural products nor are they phytotoxic. Such requirements can be ful-
filled by disinfection and detoxification of wastewater effluents.

Use of sunlight for wastewater treatment has several advantages. First, the sun-
light is a free energy source; therefore, energy costs with such systems are mini-
mal. Secondly, unlike chlorination, toxic organics such as chlorinated hydrocar-
bons are not formed. Thirdly, the structural facilities and instrumentation
associated with these systems are relatively simple to build, maintain and oper-
ate, and finally, with sensitizing agents, the contact time necessary for photo-
chemical treatment is relatively short.

The material presented represents results of a multidisciplinary research on a
new method for using solar energy for municipal and industrial wastewater treat-
ment. It deals with the influence of sunlight irradiation on sensitized waters
containing different organic pollutants such as: bichromate oxidizable organic
matter (COD), anionic surfactants (MBAS), microorganisms (EL coli, algae, polio
virus, bacteriophages) and phytotoxic organic substances (pesticides).

Dye-Sensitized Photooxidation Reactions

These chemical reactions, al.s-o referred to as "photodynamic action" (Gollnick,
1968; Kearns, 1971; Foots 1968), are responsible for the oxidative processes which
take place in surface waters exposed to solar radiation. They consist of the com-
bined action of visible light and molecular oxygen (O2) dissolved in water upon
organic matter (OM) through the intermediary of an appropriate photosensitizer (S).
The S (methylene blue, rose bengal, chlorophyll, riboflavin, humic acid, fulvic
acid, etc.) is an organic molecule having a special electronic structure which
enables it to absorb, and then to transfer, some of the light radiated energy. The
S is added to the aerated and light exposed effluents and its absorbed energy (S*)
is made available to the oxidation of OM. Hither on7* or both of the following
mechanisms can operate in aerobic photosensitized oxidations (Kautsky, 1939).

1. Primary interaction of the electronically excited S* is with OM to generate
reactive, short-lived intermediates which subsequently react with O2:

S + hu •+ S* (i)
+02

S* + OM -^transient species-*- oxidation products + S (ii)

(transient species = free radicals, ion pairs, etc.)

2. The presence of O2 will compete successfully with OM on receiving the excita-
tion energy from S*. The addition of this energy to O2 changes its ground
electronic state (triplet state, 3ZgC>2) to the first excited singlet state
1 !which has a higher energy by 22.5 kcal mole"! , When mofe energy is

imparted to O9, another electronic state is formed ( SgO2) which corresponds
to a level of 37.5 kcalmole"1 above the 3£g02- From the properties of singlet
oxygen (exceedingly short lifetimes of l£gO2) it seems likely that only AgO2
is important in solution photooxidations:

S* + 3>:g09 -*- S +
 1AgO, (iii)

+ OM -*• oxidation products (iv)

In both mechanisms the sensitizer is regenerated and undergoes hundreds of cycles
so that only minute amounts of it. are required.
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In view of the diversity of OM present in wastewaters, it is very difficult to
decide which mechanism operates in the present process. The presence of singlet
oxygen in natural waters was proven a few years ago (Zepp et al. , 1977) and it is
well known that it oxidizes unsaturated organic compounds (UC) to peroxides.
The subsequent thermal and photochemical decomposition of these peroxides can
further initiate free radical oxidation reactions which will also affect
saturated compounds (R'H) found in wastewaters:

1&g0 + UC •+ ROOR •+ 2R0* (v)

RO* + R'H •+ ROH + R1' (vi)

R'- + 0 2 •+ R00-, etc. (vii)

Beside *AgO2, other oxidative chemical species like hydroxyl radical (OH'),
superoxide radical anion (0,,"*") and hydrogen peroxide ( H O ) , might be generated
in the aerated and irradiated effluents (Draper and Crosby, 1983).

As a result of the above reactions vital biological components (proteins, lipids,
polysaccharides) and industrial organic materials undergo oxidative degradations
(Spikes and Livingston, 1969; Spikes and MacKnight, 1970). The intentional
promotion of such photooxidation reactions in surface water was used, in recent
years, for treatment of organic matter in sewage effluents (Acher and Rosenthal,
1977)for disinfection (Acher and Juven, 1977; Acher et al., ]979; Gerba et al.,
1977) and for algal destruction (Acher and Elgavish, 1980). In another series
of experiments, the sunlight energy was used for detoxification of water from
herbicide residues (Acher and Dunkelblum, 1979; Acher et al., 1981; Saltzman
et al., 1982; Rejto et al., 1983). A mathematical model, based on the factors
influencing the efficiency of this photochemical method (light intensity,
extinction coefficient, quantum yield across visible spectrum and constant rate
of reactions), was developed and provided excellent correlation with laboratory
data. It can be used for design and the operation of a pilot photooxidation
lagoon for effluent disinfection (Watts, 1983) .

RESULTS AND DISCUSSION

The effect of sunlight irradiation on waters containing sensitizers and different
organic pollutants will be presented and discussed.

The Effect of Photochemical Treatment of Waters on COD and MBAS Values

Samples of effluents of circulated oxidation ponds of municipal sewage containing
methylene blue (MB) were exposed to sunlight in graduated glass cylinders
(250 mi) under continuous aeration (Acher and Rosenthal, 1977). After the
exposure, the MB was removed from the effluent by precipitation with bentonite
clay (B), employing a ratio of 8:1, B:MB. The supernatants were analyzed for
chemical oxygen demand (COD) and methylene blue active substances (MBAS) content
and compared to blank experiments. Figure 1 shows the effect of MB concentration
on COD and MBAS values after 6 h of irradiation at 1950±50uEm~ s . The best
results were obtained at a concentration of 12 mg MBJl"1. At this concentration
and 6 h of irradiation, the initial COD and MBAS values were reduced by more than
70 percent.and 90 percent, respectively. The reason why concentrations below
10 mg MB£ were less effective was the very poor effluent quality which removed
some of the dissolved MB by physical and chemical reactions (Acher and Rosenthal,
1977). Higher concentrations than 15 mg MB£~ decrease the light penetration
into a darker medium, decreasing the effectiveness of the photooxidation process.
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The effect of the radiation time on the COD and MBAS values of the effluents is
shown in Table 1. The fact that COD values remained practically unchanged after
6 h of irradiation proved the presence of OM which was probably refractory tc
photooxidation. The methylene blue active substances were much more sensitive to
the irradiation time and continued to be degraded after 6 h, remaining less than
10 percent of their initial value (11.3 mg£ ) after 10 h.

380 -

300 -
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O

Q
O
U

2 0 0

100

0.0
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0.0 5.0 10.0 15.0 20.0 25.0
MB CONCENTRATION, ppm

Figure 1. The effect of MB concentration on COD (°) and MBAS (*) values.

TABLE 1 The Effect of Radiation Time on the COD and MBAS Values of the Effluents

Radiation Time
(h)

COD
(nig 02/l)

MBAS
(mg

0.0
0.5
1.0
2.0
4.0
6.0
8.0
10.0

460
360
290
240
160
130
125
125

11.3
7.8
6.3
4.6
2.1
1.6
1.3
1.1

Working conditions.:
Blank in dark after 10 h:

12 mg MB/Ji; 32±2°C; 1980±60 pEM~ s'1 ,
COD, 380,' MBAS, 9.8.
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The Effect of the Photochemical Treatment of Waters on Microorganisms

Laboratory Experiments with Escherichia coli

Samples of tap water and municipal effluents, to which an innoculum of fecal EL
coli had been added, were exposed to solar irradiation in graduated glass cylin-
ders (100 ml) in the presence of MB or rose bengal (RB) , under continuous aeration
(Acher and Juven, 1977). Table 2 shows the effect of MB concentration on survival
of the coliforms after 28 min of irradiation (sunlight intensity: 2,030 yEm-2s-l;
temperature: 32±2°C).

TABLE 2 The Effect of MB Concentration on the Destruction of Coliforms*

MB Concentration _ — _ ~ _ viable ColiforTns~TMPN7100

(mg/&) __ Sewage
0.00 5.6 x 10»
0.25
0.50 2.9 x 104 4.0 x 103

1.00 9.5 x 103 2.1 x 103

2.00 1.1 x 103 2.0 x 103

4.00 - <20
5.00 <20 -

* Initial coliform density: sewage 1.3 x 10y, inoculat~ed tap water 9.2 x 10M.

The bactericidal effect was obtained by destructive photooxidation and was not a
mere dye-sensitizer inhibition of coliform growth (Acher and Juven, 1977). Almost
the same results were obtained by another group of researchers (Gerba et al.,1977).

The effect of sunlight intensity and exposure time on the coliforms' survival in
effluent samples containing 2 mg MB&-1 is shown in Table 3 (the initial coliform
count: 1.3 x 109 MPN/100 ml; temperature: 32±3°C),

TABLE 3 The Effect of Sunlight Intensity and Exposure Time on the Destruction of
Coliform in Sewage*

Exposure Time Sunlight Radiation ~ — — —
(min) Intensity

_ ^ _ _ _ _ _ _ _ (yEm~2s-1) _ _ _ _ _ _
0 0
4 2,030
28 2,030
42 2,030
40 68
120 68
150 68 ______

* Control sample after 150 min incubation in dark at 35°C had 1.1 x 109 ~ ~ ~
col.iforms/100 ml.

The data presented in Table 3 show the existence of interaction among dye concent-
ration, length of exposure, intensity of irradiation, and coliform destruction.
One of the most important conclusions regarding this data is that the intensity of
solar radiation may not be a limiting factor, when disinfection of waters by sen-
sitized photooxidation is considered. As far as the destruction of coliforms in
sewage effluents is concerned, the results obtained by this method appear to be
much more satisfactory than those reported for chlorination (Kott, 1973).

Amount
(Em"2)

0
0.49
3.40
5.10
0.16
0.49
0.61

Viable Coliforms
(MPN/100 ml)
1.3 x 10^
1.8 x 108

7.9 x 102

<20
1.7 x 104
7.9 x 102

<20
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The Effect of Photochemical Treatment of Waters on Algal Growth

A study was carried out to determine the effects of various concentrations
of MB and RB at different sunlight exposure times on the reduction of the algae
population (Acher and Elgavish, 1980). The behavior of three algae from the Lake

TABLE 4 The Minimum Conditions for Total Algal Destruction

Algae

Pediastrum

Cosmarium

Peridinium

Peridinium
(in lake water)

Type

MB
MB
RB
RB

MB
MB
RB
RB

MB
MB
RB
RB

MB
MB
RB
RB

IB.
mg/£
0.40
0.15
1.50
0.80

0.75
0.75
1.20
0.80

0.50
0.25
2.00
0.60

0.50
0.30
1.60
0.80

Solar Exposure

(min)
0
40
0
40

0
30
0
60

0
30
0
30

0
60
0
60

Incubation Time
(days)*
7
10
7
10

20
10
10
10

25
14
35
35

14
14
14
14

Minimum incubation time when algal population count was zero, without
subsequent recovery

of Galilee (Israel) were studied in batch cultures: the dinoflagellate Peridinium
cinctum fa westii and two chlorophyta algae, Pediastrum duplex and Cosmarium sp.

200 -

<n 160

O
120 -

80 -

40

0\~

O

1

CONTROL s"

- s- •

X 0.25
,' A

^^^^Zi^Mr" -*—4^^~
^ _ _ ^ ^0.25

2.00-*' Y

^- _

^050 *

15 25

INCUBATION TIME, DAYS

Fig. 2. The effect of dye (ppm) on Peridinium
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The algae were grown in a minimal artificial medium and an alternating light
cycle (Acher and Elgavish, 1980). Table 4 shows the synergistic effect of solar
exposure and the sensitizer on algal growth. These results suggest that the
algae investigated are sensitive to sensitized photooxidation and may undergo
lethal damage; they might be useful for treatment of industrial or municipal
wastewaters containing pollutants and at temperatures which favor algal develop-
ment. The effect of the sensitizer's presence in the culture medium on algal
growth is shown in Figure 2. This figure and Table 4 demonstrate that the sen-
sitized photooxidation is adequate also for algal destruction, without suffering
from the drawbacks of the conventional method (Acher and Elgavish, 1980). Further-
more, as the dye-sensitizers are eventually photooxidized to uncolored compounds,
no detrimental environmental impact is to be expected.

The Effect of the Photochemical Treatment on Effluent Disinfection

a. Pilot Plant Scale Experiment (2.5 m3) . The effluent of a municipal sewage
oxidation pond, having about the same main characteristics as were used in pre-
vious studies (Acher and Rosenthal, 1977), was pumped into an open, epoxy-coated
steel reactor (Figure 3). A solution of MB was continuously added into the eff-
luent (2 g MB/m3 effluent) in a mixing container connected directly to the reac-
tor. When the effluent depth reached 25 cm (about 2.5 m 3 ) , the suction from the
oxidation pond was stopped and the pump switched to recirculate the treated eff-
luent. The effluent was contaminated with laboratory culture of bacteriophages
(coliphage X and F2), polio virus type 1-L Sc (vaccine strain). Samples taken at
different times were bacteriologically analyzed. The results showed that those
bacteriophages which were resistent to chlorination (up to 30 mg Cl/Jt) were
killed in a few minutes by this method. Polio virus were completely killed in a
period of 5-8 hours depending on working conditions. Other bacteria and algae
were also affected (Acher et̂  al^., 1979).

Fig. Photochemical reactor

b. Saline Water Carrier Experiment (3000 m'Vh). In another series of experiments,
the feasibility of the photochemical disinfection was evaluated in the saline
water carrier which diverts the saline water sources (1000 mg Cl /I) from entering
into the Lake of Galilee. The settlements neighboring this channel use it like a
carrier for their sewage effluents, therefore it will have a relatively high
bacteriological count (e.g. H_. coli ^10 4 MPN) . This is an open concrete channel
of rectangular profile (2.0 wide, 1.0 m height and more than 10 km long) carrying
the saline water and effluents from north to south (Jordan River). The linear
speed of water was about 1 m/sec, corresponding to a flow of about 800 £/sec. The
sensitizer (2% MB) was added into water in a constant flow ( 0.4g MB/soc) from a
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barrel mounted on the channel. To ensure a rapid mixing of the dye, the water
containing the dye was passed through a chixane system giving an initial concent-
ration of 0.5-0.6 mg MB/A. The bacteriological analyses showed that 3 h of sun-
light irradiation (1800 yE nr^s"-1) were necessary for a total destruction of coli-
forms in the channel water.

Detoxification of Organic Pollutants in Water

The agricultural chemicals may reach water ways following their agricultural use,
accidental spillage, or from the pesticide wastewater industry. These agrochemi^
cals must be decomposed or removed prior to using such waters for irrigation pur-
poses .

In order to study their behavior to sensitized photooxidation, water solutions con-
taining herbicides were exposed to sunlight and the photochemical processes which
took place were studied. The herbicides investigated belong to different chemical
classes of herbicides widely used for general weed control like uracil (Acher and
Dunkelblum, 1979; Acher ejt al^., 1981; Acher and Saltzman, 1980), s-triazines
(Rejto et_ aj^., 1983) and anilide (Rejto et̂  al_., 1984) derivatives. The intermed-
iary photodecomposition products formed in these processes were isolated, identi-
fied and checked for their phytotoxic properties (Saltzman et_ al_., 1S82; Rejto
et al. , 1984). It is worthwhile to note that such photochemical processes could
bemused for the treatment of industrial wastes (Saltzman e^ al_., 1982) and frozen
polluted water (Acher, 1982).

The behavior of bromacil (an uracil derivative herbicide) to the sensitized photo-
oxidation might emphasize the effectiveness of this method in photodecomposition
of the herbicide in water, which resulted in a complete destruction of its phyto-
toxic properties (Saltzman ct al., 1982).

Sensitized Photooxidation of Bromacil in Water

Sunlight irradiation of an aerated bromacil (3-sec-butyl-5-bromo-6-methyluracil)
aqueous solution (250 mg/il) , in the presence of different sensitizers and an appro-
priate pH led to complete and fast photodecomposition of this herbicide (Saltzman
et al., 1982). Table 5 shows the relative sensitizing effect of different sensiti-
zers used in experiments. It is to be noted that sensitizers like riboflavin (RF)
and humic acids may be present in natural and waste waters. Figures 4 and 5 show
the bromacil degradation (percent) as a function of the sensitizer's (RF or MB)
concentration and the pH of the solutions. The nonsensitized solution of bromacil
is stable in the entire pH range studied. The exposure time of solutions to sun-
light was 30 minutes. If the exposure is continued for 3-4 hours no traces of
bromacil would be detected in the solution.

TABLE 5 Relative Sensitizing Effect on Bromacil Decomposition

Sensitizer Concentration (ppm)

"5TT
pH

972
Riboflavin
Methylene Blue
Rose Bengal
Humic Acid-a
Humic Acid-b

10
5
5
20
20

1.00
0.74
0.32
0.06
0.03

1.00
1.11
0.85
0.20
0.08
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80
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— » MB(5 ppm)

• NO SENSITKERS
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0 5 10 15 20
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Fig. 4. Bromacil photodecomposition Fig. 5. Bromacil photodecomposition

CONCLUSIONS

A new approach to oxidation of organic pollutants in municipal and industrial eff-
luents proposes the use of MB as a photosensitizer, air as the oxygon source, and
sunlight energy as the photooxidation inducer. This approach is especially
attractive in arid and semiarid zones where the climate is favorable for the pro-
motion of photooxidation. In such zones there is also an acute need for water and
this method seems to be cost effective and also to respond to the water require-
ments for crop irrigation. This low technology water treatment seems especially
suitable for disinfection purposes. However, further research work, mainly engin-
eering, is required before full-scale systems could be designed.
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ABSTRACT

The synthesis of wastewater treatment systems refers to the specification of both
a system structure—the choice and arrangement of unit processes and operations—
and the design of the individual units within that structure so that a set of
economic and environmental objectives is fulfilled. This paper shows that one can
not yet develop optimal synthesis models due to limitations on cost and engineering
data used as input in those models.

It is illustrated however that a rational synthesis modeling effort offers two
important contributions: the development of an improved although still sub-optimal
version of a wastewater treatment synthesis model; and the systematic identification
of research areas to be followed if one wants to overcome the limitations above
mentioned and thus enable the development of a model to guide a truly optimal design
of wastewater treatment systems.

KEYWORDS

Municipal wastewater systems, combinatorial optimization, synthesis models,
decomposition, economic data nBBds, engineering data needs.

INTRODUCTION

The emphasis of current approaches to water quality management has been on the
minimization of the cost of treating a sewage influent to some target, usually set
in the form of a standard. In this cost minimization process, one has to define the
minimal cost design for the wastewater treatment system by specifying the system
structure—the choice and arrangement of liquid and sludge treatment unit processes
and operations—and the design of the individual units within that structure so that
the Bffluent target is achieved.

In the last two decades, several optimization models have bBen proposed to aid in
the specification and/or in the optimal design of a treatment plant consisting of a
pre-defined set of units. So far, only a model developed by Rossman (l) may be
considered to be a serious attempt to synthesize a wastewater treatment system from
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a large set of alternative chains of units, despite not considering sludge
treatment and lagoon systems. Most of the other synthesis efforts have been mainly
exercises on the application of some optimization techniques to oversimplified
treatment systems.

A optimal synthesis model is still a impossibility due to limitations on the
available engineering and economic data, A rational synthesis modeling effort, as
the one presented in this paper, may offer however two important Contributions:
1} the development of an improved although still sub-optimal version of a
wastewater treatment synthesis model (names in this case TREAT); and 2) the
systematic identification of research areas to be followed if one wants to overcome
the limitations above mentioned. The latter is, of course, a fundamental step in
the process of improving the current synthesis models and thus enable a closer
approximation to a truly optimal design of wastewater treatment systems.

STATEMENT OF THE PROBLEM

A municipal wastewater treatment system has two sets of process units; the liquid
treatment units and the sludge treatment units. The liquid treatment units,
depending on their removal efficiency of the different components of the influent
vector fxi] , described by the wastewater's concentration of BOD, suspended solids,
ammonia, organic nitrogen, phosphorus and ooliform concentrations are categorized
as primary, secondary or tertiary units. They may produce two sidestreams: one to
be recycled to another liquid treatment unit; the other, sludge to be pumped to the
sludge treatment units.

The sludae treatment units treat the sludge received from the liquid treatment
units to a point where it can be finally disposed. A sludge treatment unit may
produce two sidestreams: one to be the influent to another sludge treatment unit;
the other, the supernatant, to be recycled to a liquid treatment unit.

To define the minimal cost design for such a wastewater treatment system, one has
to specify the system structure and the design of the individual units within that
structure so that a set of economic and environmental objectives is fulfilled.
Therefore this is a highly combinatorial optimization problem as the modern waste-
water and sludge treatment systems are a vast set of physical, chemical and
biological processes and so its, therefore, the number of their possible
arrangements.

The combinatorial optimization problem considers an objective function subject to
constraints. The objective function is basically the summation of the cost
functions, usually nonlinear, expressed in terms of design decision variables and
including a scale factor. The design decision variable is usually some measure of
capacity of the treatment unit related to its removal efficiency. The scale factor
accounts for the benefits derived from the existence of economics of scale.

The constraint equations include mass balance functions relating streams and
sidestreams to the design decision variables, capacity constraints on the decision
variables for each unit process, sequencing constraints (specifying undesirable
unit sequences), and the relationship between the decision variables and the
environmental goal represented by a target vector [xi'J.

The synthesis model of a wastewater treatment system should include two algorithms
for a better computational efficiency: "algorithm 1"- to solve the combinatorial
optimization problem producing as outputs the optimal structure and the optimal
values of the design variables of the units selected; and "algorithm 2"- to perform
a more refined design for each treatment unit using the values of thB decision
variables obtained from algorithm. The paper emphasizes the discussion on the
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development of algorithm 1, The formulation of algorithm 2, a coordinating unit
of the design functions, was mnre a computer programming problem than a
mathematical problem per se,

In these two algorithms, the information base was provided by economic and
engineering data. Cost data were collected from a variety of literature sources
(2-8). In general, the approach was to select the most recent, simple, reliable
and whenever possible design variable related cost functions. These cost functions
have two main components: annual capital oost and operation and maintenance cost.
All the functions were indexed to December 1981 using the Engineering News Record
Indexes. A life of 20 years with a seven percent rate of return was assumed for
all the processes.

The engineering data—design functions, removal efficiencies, capacity and
sequencing constraints were collected from references 9, 10, 11 and 12.

The objective of algorithm 1 is to determine the optimal interconnections, types
and dimensions of treatment units in what may be considered as two processors:
Processor 1- the liquid treatment units; and Processor 2- the sludge treatment
units. Let us consider that these are part of directed networks with nodes
i, j, ... T. Processor 1 may be considered as the liquid treatment sub-network and
Processor 2 as the sludge treatment sub-network.

The liquid treatment sub-network may be considered to be node oriented for
convenience of the subsequent mathematical treatment. Nodes i, j, ... T represent
unit processes and arcs (i,j) only exist if i and j are compatible. Using
sequencing constraints taken from the literature, the liquid sub-network can be
synthesized as in Figure 1.

The sludge treatment sub-network may be considered as arc-oriented also for
convenience of the subsequent mathematical treatment, arcs (i,j) representing unit
processes. Using again sequencing constraints taken from the literature,
a combined sludge sub-network can be synthesized as in Figure 2.

These sub-networks are connected in the following manner: the liquid treatment sub-
network assembles all the sludge produced by its units in one point and then sends
it to be processed in the first unit of the sludge treatment sub-network; on the
other hand, the sludge treatment sub-network assembles all the supernatants
produced by its units and sends them to the first unit of liquid treatment
sub-network.

The network representing the treatment plant can bB therefore seen as consisting of
two sub-nBtworks loosely connected. Provided that some "tear constraints" are
satisfied thB combinatorial problem can be divided into two sub-problems: the
liquid treatment sub-network problem; and the sludge treatment sub-network problem.

Tne "tear constraints" are fundamentally two: l) ths inputs to the liquid treatment
sub-network should be ths influent wastewater plus an accurate estimate of the
supernatant; and 2) in the selection of a liquid treatment chain of process units
one should consider the sludge treatment cost associated with that chain.

The two optimization sub-problems differ in objectives. The liquid treatment
problem attempts to synthesize Processor 1 so that a target ixiO is achieved at
minimum cost while satisfying capacity, mass balance and sequencing constraints.
Formally:

Minimize 2 clj
JG r,Vr

Where: ,
clj =. cost function of unit j, usually clj = a.dj
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a and b = constants
dj = decision variable of unit j
p = chain of processes in Processor 1

s.t.

1. Efficiency constraints_

Where: Vjer,W xe"1

r j m s fraction of pollutant m remaining after treatment in unit j
xo a influent vBctor fxil
xe = effluent target fxiD

2. Capacity constraints
a j S dj i bj

3. Mass balance and sequencing constraints

z aij • xij m = 2 aji • xjim

Where: J J

aij, aji = coefficients of incidence matrix faij] representing the
connections betwBBn units i and j ; aij =sl if i connected
to j, aijaO, otherwisB

xij ,xji =i flew of m pollutants between i and j

In the sludgB treatment problem, one only has to define the minimum cost design of
Processor 2 taking into account process constraints defined below:

Minimize 2 csij
(i.j)ep*,VP'

Where:
csij =3 cost function of unit i j , usually csij=a+b.dij
a and b = constants
dij = decision v/ariable of unit di j
p1 = chain of processes in Processor 2

s.t.

1. Capacity constraints
a i j <• d i j $• b i j

2. Mass balance and sequencing constraints

i; efij • aij • wij = 2 ajk * wjk

Where: ^
e f i j = mass change factor in unit i j
a i j and ajk => coefficients of incidence of matrix [aij]
wij and wjk = dry solid s sludge weight in units i j and jk

Liquid Treatment Processor

There are basically two approaches to develop a synthesis model for the l iquid
treatment sub-network: the f i r s t considers the whole sub-network; the second
attempts to decompose i t into smaller sub-networks and solve the combinatorial
optimization problem of each sub-network.

In this study, a decomposition approach was selected for two reasons. The f i r s t
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and mast important reason to select the decomposition approach is that the liquid
treatment nework can be divided into three sub-networks due to the existence of
loose links between the secondary and tertiary units and within the tertiary sub-
network between the phosphorus removing units and the other units through the
filtration unit (Figure lj.

From Figure 1, one can also define a "fictitious nodB" (F[\l) showing a lanse bond
between the secondary and tertiary processes. This loose link means that one can
establish "tear constraints", that would permit separate optimization of the two
sub-networks and, then, by satisfying those "tear constraints', the optimization of
the whole network. In the wastewater treatment sense, that tear constraint is
represented by a secondary efficiency target.
The question then becomes which would be the optimal secondary target to be used
in a synthesis model of a tertiary plant. Experience has shown that secondary
processes are considerably less expensive than tertiary processes. A procedure
followed in the initial stages of the model's development was therefore to define
a secondary target as strictly as possible for each secondary chain and then solve
the problem using those targets as tear constraints. Computational work proved
that one had to search for a single secondary target. The existence of multiple
targets (one for each secondary chain] led to the determination of designs
consisting of minimum cost secondary chains but not overall minimum cost. That is,
the secondary sub—network was optimized but not the whole liquid treatment network.
Several trials made it possible to define the "tear constraint" that if satisfied
permitted the solution of the overall optimization problem by solving its
components.

The second loose connection results from the need for filtration separating chemical
clarification from other tertiary units. In this case, the existence of this loose
bond implies that those units can be optimized separately given an input equal to
the output from the filtration process.

The second advantage of the decomposition approach in this problem consists of the
benefits that one gains by being able to solve the sub-problems with the most
appropriate optimization techniques for those problems, instead of trying to tailor
those sub—problems to a "grand" approach used in salving the Qvsrall combinatorial
optimization problem.

In the solution of the problem, the first stage consisted of examining the
differences between the cost and engineering data available and the one desirable.
This process allowed one to identify research needs and to limit the number of
options in the optimization methods to be used.

TTIB major deficiencies in economic information occurred in the preliminary-primary
and tertiary treatment phases. Except for clarifiers and nitrification-
-denitrification units, the cost functions for units of those stages are not
related to design variables. Although for some units one can assert that their
sizes only depend on the flow rate, this is not true for others and studies
should be done to overcome this situation.

The main problems in the engineering information are basically in the removal
efficiency values for the pollutants considered in this study for most of the
tertiary units and some of the secondary units and in thB determination of sludge
quantities in trickling filter and rotating biological contactor chains.

These limitations had two major consequences in thB development of algorithm 1: l)
the synthesis of the preliminary—primary and tertiary chains became just a
sequencing problem as one had fixed costs (the flow rate is assumed to be known);
and 2) the uncertainties associated with the engineering information implied the
adoption or conservative estimates to minimize the inevitable errors.
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Algorithm 1 could then be developed and ended up consisting of the succession Df
three sub—algorithms:

Sub—algorithm 1—including a heuristics process to define the preliminary and
primary treatment chain•

Sub-algorithm 2—consisting Df two steps: 1- determine the minimum cost incurred
by each chain to achieve the effluent target; and 2- select the chain that
accomplishes that goal at minimum cost. The first step implied an optimization
process for each chain and dynamic programming was the method selected. The
second required a mere assesment of the results obtained with those optimizations.

Sub-algorithm 3— including dynamic programming for the nltrification-denitrification
units and a systematic enumeration method for the remaining units.

These sub-algorithms also include the incorporation of sludge cost factors for all
the sludgB producing chains. These cost factors were computed for a variety of
targets using the sludge treatment synthesis model. It was found that the
difference between the sludge costs associated with those chains are smaller than
the differences between their liquid treatment costs and that one could assume
therefore a fixed sludge cost factor for those chains for each effluent target.

Sludge Treatment Processor

The application of algorithm 1 to the liquid treatment processor enabled one to
select the units that should integrate that processor. Applying algorithm 2, it is
possible to compute the sludge produced by those units, the input to the sludge
treatment processor. TWD distinct cases may be considered depending on the
treatment goal: a primary sludge case if the goal was primary; and a combined sludge
sludge case otherwise. A network for the second case was included in Figure 2.

To select the synthesis technique to be applied to these two cases (which should
DB the same becausB from the mathematical point of view they represent identical
problems) it is important to examine Table 1, where all the pertinent data to the
optimization process are synthesized. The objective of the authors in elaborating
this Table is to show that sanitary engineers need to find relationships between
the efficiencies of thickening units and the efficiencies of subsequent digesting
and dewatering units if they want to optimally design the sludge treatment chain.
It is proved below that with the available information, simplifying assumptions
concerning those relationships have to be made taking some realism out of ths
synthesis model.

It is also demonstrated in thB following paragraphs that with the existing
information, one can assume fixed costs for all the unit processes if one knows
their sequencing in the network. This assumption simply means that one will not
have to consider explicit capacity constraints in the optimization problem (see
formal definition above) which leads obviously to a far simpler solution procedure.

Let.us start with the gravity thickener. There are two basic variables that can
influence the synthesis process; the overflow rate and the value of percent solids
out. The first only affects the cost function of the gravity thickener and should
therefore assume, from a optimization point of view, the maximum value of the
possible range that insurss a reasonable degreB of reliability. This reasoning was
obviously followed. The range of possiblB values for the percent solids out is
large but as no reliable relationship exists between this variable and the
performance values of the dewatering or even digesting units, a fair assumption is
to assume a typical value cited by the literature.

The case of the digesters is simple. The range for the values of the variable



Process Units

Gravity
Thickener

Anaerobic
Digester

Aerobic
Digester

Vacuum
Filter

Centrifuge

Filter Press

Sand Bed

Composting

TABLE 1

Design
Decision
Variables
(Variable l)

Area
D.S. Load §

Volume
D.S. Load

Volume
D.S. Load

Area
D.S.Load

Vol. of
D.S. Load

Area

D.S. Load
Are's •
D.S. Load
D.S. Load

Land Application land cost

Irrigation
D.S. Load
D.S, Load
% sol ids

Sludge Process Units:

Values
Control l ing F
Variable 1 '
(Variable 2j

Loading rate
% solids out
Sludge from
l iqu id proc.
Reduction o f
V5S
Sludge from
l iqu id proc.
Reduction of
VSS
Sludge from
l i q u i d proc.
Loading rate !
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% sol ids out
Prec. proc.
Prec, proc.

Loading rate

% solids out
Prec. proc.
%•-solids out
Prec. proc.
Prec. proc,
Prec. proc,

Prec. proc.

Ganges for
Variable 2
(7,11,12)

iaS-48..8!i
3-12%

0.4-0.6

0.4-0.6

9.75-24.3S
<g/m2/day

25-<3O%

9.75-24.38
Kg/m2/day
25^15%

30-50%

Information

Values

Required fo r Synthesis Model
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Variable 2
(Variable 3]

SAi2 39 1 /̂m2
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0.5

0.5
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30%

20.96
Kg/m?/day
35%

40%
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[1,7,1]
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1.0

0.7

0.7

25^30%
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1.15

30-50%

*(see f i g .
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reduction of volatiles is rather small and a significant error is not incurred if
the midpoint value of thB range for that decision variable is assumed. The same
can be said for the centrifuge. In this case, the only variable is the percent of
solids out.

The vacuum filter and filter press cases are quite similar and can be discussed
together. The two variables of concern are again the loading rate and the percent
solids out. The logic applied in selecting the loading rate for the gravity
thickener should be used again. That is, one should select the maximum value for
the loading rate that offers a reasonable degree of reliablility. Concerning thB
percent of solids out variable, their range of possible values are large and the
selection of a single representative value difficult to make. The analysis
conducted in this study relied upon the consideration of two quantities: 1) AC -
the impact on the construction cost of these units of an increase in the percent of
solids out variable; and 2) Ab - the reduction on the cost of composting, land
application, incineration and landfill resulting from that increase. Simple
manipulation of the cost functions showed that the values of Ab tend to be larger
than Ac which suggested the adoption of high values for this variable in both
cases. The values selected satisfy this principle and are also values reported in
the literature as typical for these processes when chemicals are added, which is the
case.
The conclusion from this discussion is that the adoption of fixed values for the
decision variables of the different units before starting the synthesis process is
legitimate under the current state of the art. As demonstrated, the main variables
affecting that process besides cost arB the mass change factor and the percent of
solids out of the units considered. That is, the synthesis problem becomes more of
a sequencing problem that can be solved by shortest path methods. One of the most
rapid and reliable of these, provided by Dijkstra, was applied in this case.

From the shortest path problem one determines the units that should integrate the
sludge treatment processor. Knowing thosB units and using algorithm 2 one can than
determine the supernatant flow rate and the supernatant concentrations of the
components of Lxi'J . Given the recycle, it is important to observe if this recycle
in combination with the plant's influent is going to lead to significantly different
outcomes in the synthesis process. Computational experience showed that the
consideration of the recycle in the input would lead to an average increase of those
influent concentrations in the order of 0.3-1 percent, percentages that certainly do
not significantly change the design of a treatment plant. As a cautionary note, it
is important to refer that thB determination of the supernatant flow rate and the
supernatant concentrations is still made on a very empirical basis, and in reality
the increase due to recycle assumes higher proportions. In this case, an approach
that may be followed consists of: l) run the model assuming a recycle equal to zero;
2) compute the resulting supernatant; 3] change the input to take into account the
recycle determined in 2; 4) rerun the model. If the results are not significantly
different stop, otherwise estimate a value for that recycle, change the input and
rerun the modBl; and 5) by observing thB value of the supernatant at this step givBn
thB initial "guess" made in 4, one has a basis for an iterative process that will
stop as soon as the "guess" is not significantly different from the actual recycle.

COMPUTER PROGRAM AND APPLICATION

A computer model TREAT was built according to thB principlBs presented in the last
section. This modBl was implemented by a computer program written in FORTRAN IV,
including a main program and 105 subroutines.

To illustrate the application of TREAT, three effluent targets, a tertiary, a
secondary and a primary were assumed. Table 2 summarizes the optimal designs
obtained for each target.
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TABLE 2

inf luent

Optimal Designs Obtained with TREAT for Tertiary,

Treatment Goals

Tertiary Goal Secondary Goal

Secondary and

Primary

Primary

Goal

Q=>56.78xlO3 m3/d
BQD5=>250.0 mg/1
TSS=2OO.Omg/l
[\H3-N=.20.0mg/1
P=15.0mg/l
Coliforms=0.3xlOb/ML

B0D5=5.0 mg/1
TSS=5.0 mg/1
[\H3~N=1.0 mg/1
P^O.l mg/1
Coliforms=2/ML

B0D5=30,0 mg/1
T5S=25.0 mg/1
NH3-N=7.5 mg/1
P=12.0mg/l
Coliforms=2/ML

B0D5=100.0 mg/1
TSS=.9Q.0mg/l
MH3-N=20.0 mg/1
P=15.0 mg/1
Califorms=2/ML

Liquid Treatment
Pumping
Gr i t Removal
Extended Aeration

3 3

Liquid Treatment
Pumping
Grit Removal
Primary Clarif ier

Area=1197 m2

Liquid Treatment
Pumping
Gr i t Removal
Extended Aeration

Vol=51.9xl03 m3

0x.rBq.=11.8xlQ3Kg/a: 0x.req.=12.24xl0.5h£/d
F/M = 0.14 § F/M = 0.14 § Chlorination

Secondary Clarif ier Secondary Clarif ier Sludge Treatment
Chem, Clarification Area=s748 m Gravity Thickener

Reverse^srrosis T ' Costal. 66xlOe^ar T. Cost=lxl06/year

Chlorination

Sludge Treatment
Gravity Thickener
Centrifuge
Incineration

T. Cost=12xl06/year

§ F/M S Food to microrganisms r a t i o

CONCLUSIONS
The development o f synthesis model for municipal wastewater treatment system i s
discussed i n t h i s paper. These models al low one to define the minimal cost design
for a wastewater treatment system, speci fy ing the system structure and the design
o f the ind iv idua l un i ts w i th in that s t ruc tu re . I t was shown that there are s t i l l
important l i m i t a t i o n s on cost and engineering data not permi t t ing a t r u l y optimal
design o f treatment p lants .

The major problems i n the cost information occur i n the t e r t i a r y treatment stage.
Most o f the cost funct ions o f t e r t i a r y treatment un i ts are expressed i n terms o f
the p lan t 's f low rate and are therefore not re la ted to design var iab les. As a r e -
s u l t , one can not determine optimal dimensions f o r those un i t s .

The main def ic ienc ies i n the engineering informat ion are bas ica l ly i n three areas:
l ) removal e f f i c i ency values for the po l lu tants considered i n t h i s study for most
o f the t e r t i a r y un i ts and some o f the secondary u n i t s ; 2) d e f i n i t i o n of quant i ta -
t i ve re la t ionsh ips between the e f f i c i ency o f the thickening un i ts and the subse-
quent digest ing and dewatering u n i t s ; and 3) computation Df supernatant flow rate
te and concentrat ions.

I t was also demonstrated t h a t , despite these l i m i t a t i o n s , i t i s possible to develop
a synthesis model representing an improvement over the avai lable synthesis models.
The mathematical p r inc ip les underlying i t s development consist o f the considerat ion
o f the treatment plant as a network with loose connections. These weak l i n k s a l l o
wed onB to div ide i t i n to sub-networks. The synthesis problem was then divided into
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sub-problems connected by " tear constraints"—one each sub-network, and solved using
known opt imizat ion methods.
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ABSTRACT

F specific RNA (FRNA) bacteriophages are attractive models for the study of the
fate of animal viruses in water treatment processes and pure cultures (MS2, f2) have
frequently been used in model experiments. The use of indigenous FRNA phages has
been hampered by the lack of selective enumeration methods. Usually, bacteriophages
in sewage are enumerated by counting the number of plaques produced in a lawn of an
Esaherichia ooli host strain. Both somatic and F specific phages will contribute to
the count. We report the development of a simple and highly selective method, based
on a specially constructed host strain of Salmonella typhimunum (WG 49, phage type
3 Nalr (F'42 lao :: Tn5)). Counts on this host strain normally originate exclusive-
ly from F specific phages, because there are only few somatic Salmonella phages in
most sewage samples. FRNA phage counts from natural sewage samples using this host
strain are more reliable and higher than those obtained on E.ooli hosts. F specific
bacteriophages were detected in all sewage samples investigated in numbers ranging
from 102 - 5 x 101* pfu/ml. Data are presented on the number and types of F specific
phages in mixed domestic/industrial sewage; in poultry processing wastewater and in
hospital wastewater. The potential of F specific phages as water quality indicators
is discussed.

KEYWORDS

F specific bacteriophages; indicator organisms; enumeration methods; occurrence;
wastewater; domestic/industrial; poultry processing; hospitals.

INTRODUCTION

Bacteriophages may serve as useful models for the behavior of animal viruses in
water treatment processes because of relatively easy, rapid, inexpensive and accu-
rate assay techniques. It is therefore not surprising that many investigators have
used phages, both indigenous to the samples and added pure cultures, in their stu-
dies. However, the available methodology is not standardized and indeed, a great
diversity of methods can be found in the literature. We have previously shown
(Havelaar and Hogeboom, 1983) that this may induce great differences in counts of
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indigenous phages. Furthermore, all host strains that are currently being used are
susceptible to infection by a variety of phages with different resistance to
stresses applied in water treatment technology.

The group of F specific RNA phages (£2 and MS2 are the best known members of this
group) are considered the most attractive subgroup of phages to serve as indicator
organisms because their physical structure closely resembles that of enteroviruses
and also because model experiments have shown them to belong to the more resistant
types of virus. These phages are built of a simple, cubic capsid of 24-27 nm, have
single-stranded RNA as their nucleic acid and will only infect cells bearing the F
or sex pili. The use of indigenous F specific RNA phage has been hampered by the
absence of "host bacteria that is specific for f2, and thus little is known about
the levels of this phage in feces and sewage" (Bitton, 1981). In this paper, we
present a simple and selective method for the detection and enumeration of F spe-
cific RNA phages in sewage and some data on their occurrence. This was attained by
constructing a specific Salmonella host strain.

CLASSIFICATION AND HOST RANGE OF BACTERIOFHAGES

Bacteriophages are classified according to morphological characters and the type of
nucleic acid into six morphological groups (Bradley, 1967). Phages of the morpholog-
ical groups A, B and C consist of heads and tails of various sizes and complexity
and have double-stranded DNA. Group D comprises phages of cubical symmetry with
single-stranded DNA while group E phages are also cubical but with single-stranded
RNA. Finally, group F consists of long filamentous phages with single-stranded DNA.

Bacteriophages adsorb to a receptor on the host cell that may either be situated in
the cell wall (somatic phages) or on a pilus (pilus- or plasmid-dependent phages).
Broadly speaking groups A-D comprise somatic phages, although some pilus-dependent
phages have been reported (e.g. Bradley et at., 1982 ). All phages of groups E and
F are pilus-dependent. Traditionally those phages that adsorb to F or sex pili have
been studied most extensively. Some well known members are MS2 and f2 (group E) and
fl and fd (group F). Recently, related phages have been described that will speci-
fically infect pili, coded by plasmids of other incompatibility groups (Bradley et
at., 1981; Coetzee et at., 1982).

The host range of somatic phages is usually restricted to a single species or a
small group of related species because of the high specificity of cell-wall compo-
nents. A plasmid-dependent phage on the other hand will generally infect any bacte-
rial strain that harbours and expresses its particular plasmid. The F plasmid has
been reported to be transferable to most members of the Enterobaoteriaceae-family
(Birge, 1982).

ENUMERATION OF F SPECIFIC BACTERIOPHAGES IN SEWAGE

Basie prinsiples

Theoretically, a count of F specific phages could be obtained by analysing a sample
with a host strain (e.g. E.aoli) producing F pili and substracting the count on
an isogenic F~ host strain (i.e. a strain producing exactly the same phage-receptors
on the cell wall but lacking F pili). This system however has several limitations:
* in order to obtain a single count, one has to inoculate two series of plates.
* the count of F specific phages will be rather inaccurate because it is computed

as the difference of two counts.
* the difference between the two counts will only be significant if the F specific
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phages form a substantial part of the total count on the F strain.
* F~ strains do also specifically support growth of phages (e.g. T7) that do not

produce plaques on F+ strains (Morrison and Malamy, 1971; Duckworth et at., 1981).

We have attempted to select or construct a host strain that when examining sewage
samples is only lysed by F specific phages or in other words, a host strain capable
of producing F pili but not susceptible to infections by those somatic phages that
can usually be found in sewage. Our approach, that has been published in detail
elsewhere (Havelaar and Hogeboom, 1984) consisted of two stages:

a. Select an F~ bacterial strain that is susceptible to none or the least possi-
ble number of sewage-borne somatic phages.

b. Introduce an F plasmid into this strain. The resulting F+ strain will permit
selective enumeration of F specific phages.

ad a. The potential choice of suitable host strains is restricted to members of the
Kntevobaateriaesae by the requirement that it must be capable of accepting
an F plasmid and of producing F pili. Of the genera in this family many, like
Enterobaoter are ubiquitous in nature and regularly occurring in sewage, thus
interference by somatic phages may be expected. Other genera, like Skigella
have many receptor types in common with E.aoli and likewise will not give low
counts of somatic phages. Finally, our choice was made for several Salmonella-
strains, that consistently were found to give low counts (< 10 pfu/ml) of
somatic phages in domestic sewage samples.

ad b. The transfer of F plasmids from E.coli to Salmonella is very well possible,
albeit at low frequency because of the existence of several conjugation
barriers (Sanderson et al., 1981). The expression of the plasmid can be
repressed by other plasmids originally present in the host strain like the
pSLT plasmid that can be found in most S. typhimuvium strains (Smith et al.,
1973), This again restricts the choice of possible host strains. We finally
selected two strains for further work:
WG 49: S.typhimuvium phage type 3 Nalr (F'42 lac :: Tn5)
WG 61: S.-Indiana (pRQIO, pRQll, F'42 lac).

We have previously described the selectivity of these hosts for F specific phages
in sewage (Havelaar and Hogeboom, 1984). In the following, a comparison of the
yield of phages using these two hosts will be made, and the occurrence and differen-
tiation of F specific phages in sewage will be discussed.

Comparison of two F Salmonella strains

Fifteen samples of primary effluent from six different sewage treatment plants
were analysed for F specific phages using the above mentioned host strains. The
results of these tests are reported in Table 1.

Counts on strain WG 49 were consistently and significantly higher than those on
strain WG 61. Further advantages that led us to select WG 49 for further work were
the nalidixic acid resistance that allows suppression of bacterial flora present
in the samples by the addition of this antibiotic (50 ug/ml) to the culture medium
and the presence of the kanamycin resistance transposon Tn5 on the F plasmid.
This permits continuous inhibition of F~ segregants by the addition of kanamycin
(20 ug/ml) to the medium. In our experience, kanamycin can be omitted from the
media used for growing host cultures and for plating of samples, but it must nec-
essarily be present in agar slants used for maintaining bacterial cultures.

JVSI AMSTERDAM Z-U
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TABLE 1 Comparison of two Salmonella strains
for the enumeration of F specific
bacteriophages in primary effluent

„ „ , _ Average ratio
Sewage treat- Number of _ °

° , of counts on
ment plant samples W G 49: WG 61

De Bilt
Zeist
Utrecht
Soest-Baarn
Amersfoort
Bunschoten

Total

2
2
2
3
3
3

15

1.74
2.01
2.27
2.67
2.98
2.40

2,41*

* Counts on WG 49 significantly greater than
on WG 61 (two-tailed t-test, p « 0.5%).

Differentiation of p'hages detected by strain WG 49

Theoretically, three types of bacteriophages could produce plaques on WG 49:
* F specific, cubic, single-stranded RNA phages (FRNA) of the morphological

group E.
* F specific, filamentous, single-stranded DNA phages (FDNA) of the morphological

group F.
* Somatic, double- or single-stranded DNA phages (SDNA).

Host strain WG 49 has been chosen so as to minimize the interference by SDNA
phages. The relative contributions of FRNA and FDNA phages will depend on their
occurrence in the samples to be investigated. According to the literature
(Ackermann, et at., 1978) these two types of phages can be differentiated by rela-
tively simple means, i.e. chloroform pretreatment of the sample to eliminate FDNA
phages and the addition of RNase to the medium to inhibit FRNA phages (SDNA phages
are usually resistant to chloroform and always to RNase).

TABLE 2 Differentiation of phages detected in
domestic sewage by strain WG 49 with
chloroform and RNase

Treatment _ . , , , , ,#
,. , Total number of plaques detected

applied v M

none 2080
CHC13 1250
RNase 384
CHC13 + RNase 6

* Figures are total number of plaques from 21
samples of primary effluent (centrifuged at
20,000 g for 15 min) and analysed in a ten-
fold dilution in duplicate.
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From this table, several conclusions may be drawn:
* The count after applying both treatments is only a minor proportion of the total

count. Thus interference by SDNA phages indeed is minimal.
* The count after RNase addition is ca. 18.5% of the total count. This reflects the

average number of FDNA phages, in all samples, varying between 3 and 52% of the
total count in individual samples.

* The sum of counts after CHCI3 treatment and RNase treatment is considerably lower
than the total count. Because RNase treatment is highly specific, this implies
that a proportion of the FRNA phages was inactivated by CHCI3. Thus in order to
count FRNA phages without interference from FDNA phages, one cannot simply pre-
treat the sample with chloroform. An accurate assessment is possible by analysing
a sample with and without RNase and computing differential counts.

Comparison of strain WG 49 with E.ooli strains

The efficiency of strain WG 49 for the enumeration of F specific bacteriophages was
compared to that of E.ooli strains using both pure cultures and sewage samples.
Data using pure cultures and E.ooli. strain WG 21 are reported in Table 3.

TABLE 3 Comparison of phage counts on strain

Phage

MS 2
GA
QB
SP

ZJ/2

WG 49

FRNA
phages

with E.ooli

Species

(serogroup
(serogroup
(serogroup
(serogroup

FDNA phage

HfrH

I)**
II)
III)
IV)

(strain WG 21)

Relative effi-
ciency of
plating (%)*

90
130
70
40

30

Data from Havelaar and Hogeboom (1984)
* (Counts on WG 49): (counts on WG 21) x 100%
** According to Furuse et al., 1979

It may be concluded that three out of four FRNA phages are detected by WG49 with
high efficiency while that for SP is lower. Phages of serogroup IV are detected
only rarely in faeces and sewage samples (Osawa et at., 1981). The efficiency of
plating for phage ZJ/2 was low.

A comparison of the numbers of FRNA phages detected in natural samples by WG 49
and WG 21 was made by plating samples with these two host strains without and with
RNase. The difference between two counts on one host will reflect the number of
FRNA phages. In a first series of 14 samples of centrifuged primary effluent, be-
tween 1.0 x 10z and 1.5 x 103 pfu/ml were detected using WG 49. Surprisingly, the
difference between counts without and with RNase on E.aoli HfrH strain WG 21 was
either very small or even negative. In all tests, controls demonstrated that both
hosts were equally sensitive to MS2 phage. One might suppose that RNase was inacti-
vated by a component of the sewage sample. This seems unlikely because the samples
were usually plated in a 1:100 dilution and also because RNase did have an effect
on parallel counts with WG 49 and WG 61. We therefore conclude that strain WG 21
was highly inefficient for the enumeration of naturally occurring FRNA phages.
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Fig.l. Enumeration of F specific. RNA phages in primary effluent (De Bilt) using
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E.coli

PC-number is

HfrR4
K-12
K-12
B F+

given

(PC 0031)
F+ (PC 2182)
F+ (PC 0497)
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This could be explained by two assumptions.
a. The efficiency of plating (e.o.p.) of wild phages on WC 21 is less than that of

laboratory strains,
b. RNase or some contaminating compound liberates additional receptors for SDNA

phages in the cell wall of WG 21. This would counteract the effect of inhibition
of FRNA phages.

In order to distinguish between these two possibilities, and also to investigate
whether this effect was typical for WG 21 or a more general characteristic of
E.ooli strains, an additional series of experiments was performed. In these expe-
riments, F+ E.ooli strains were used together with their isogenic F~ counterparts.
These latter strains were included to test possibility b., because with F~ strains
counts with RNase should then be higher than those without RNase, Using four dif-
ferent M.ao'li strains (three K-12 derivatives and one B-derivative) we did not find
any significant effect of RNase on plaque counts so that possibility b. must be re-
jected. The results of experiments with male strains are shown in Fig. 1. This
figure shows phage counts in primary effluent samples without and with RNase added.
Again, in one of three experiments (Run B) counts on WG 21 with RNase were higher
than those without. This was not observed with the other L'.coli strains, but only
rarely was the number of FRNA phages detected equal to or greater than on WG 49.
Mean e.o.p. relative to WG 49 were as follows: WG 72 - 74%; WG 70 - 57%; WG 76 -
33%; WG 74 - 28%. Parallel counts of MS2 gave e.o.p. values of 50-130% so that it
is concluded that wild FRNA phages plaque more efficiently on WG 49 than on E.ooli
strains. This observation and the significantly lower "background noise" of somatic
phages lead to the conclusion that the Salmonella-system is superior for the enu-
meration of KRNA phages in sewage samples.

OCCURRENCE OF F SPECIFIC BACTERIOPHAGES IN WASTEWATER

In the literature, only few data on the occurrence of FRNA phages in sewage can be
found. Dhillon et al. (1970) found between 3.6 x 101 and 1.6 x 10'4 pfu/ml in
Hong-Kong sewage using an F+ E.ooli strain and 24 from 77 plaques (31%) that were
further studied were found to be produced by 'male-specific' phages. In a later pa-
per from this same group, counts of F specific phages were reported to range from
0 to 5.1 x 103 pfu/ml (Dhillon and Dhillon, 1974). Furuse et al. (1978) detected
FRNA phage in 50 out of 203 sewage samples from South and East Asia, and in another
paper (Furuse et al. 3 1981) concluded that FRNA phages were a predominant group
among those plaquing on an F+ E.ooli strain. Grabow et al. (1980) found higher
counts on E.ooli B than on E.ooli K12 Hfr in different stages of a wastewater rec-
lamation plant and from this observation concluded that "male-specific phages rep-
resented only a minor group among the coliphages".

From the performance of E.ooli strains reported above, it must be concluded that
the literature data, obtained with F E.ooli are only semi-quantitative estimates
of true FRNA phage densities. We have therefore enumerated FRNA phage in various
types of wastewater using Salmonella-strain WG 49 and some data are reported below.
For comparison, data on somatic coliphages counted on E.ao'li CN (Havelaar and
Hogeboom, 1983) and on indicator organisms are also shown.

Domestic/industrial sewage

From the data in Table 4, one may conclude that V specific bacteriophages occur in
relatively high numbers in all sewage, samples. The range for all samples was from
1.6 x \0A - 5.0 x 103. In one plant (De Bilt), the F specific phages even outnum-
bered the somatic phages. The phage counts in Bunschoten were consistently lower
than in other plants. This could not be explained by lower COD-values of the. in-
fluent, or from a difference in percentage industrial load.
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TABLE 4 Occurrence of bacteriophages in primary
effluent of six <
(Febr.

Sewage
treatment
plant

De Bilt
Zeist
Utrecht
Soest-Baarn
Amersfoort
Bunachoten

;ewage
- March 1983)

Median

somatic

1.5 x 103

2.4 x 103

1.6 x 103

1.5 x 103

2.4 x 103

3.8 x 102

phage

(4)*
(2)
(0
(4)
(4)
(4)

treatment plants

count

F

2.0
1.4
6.4
5.9
1. I
3.6

(pfu/ml)

specific

x 103 (4)
x 103 (3)
x 102 (3)
x 102 (4)
x 103 (4)
x I02 (4)

* In brackets, the number of observations.

The inflowing sewage at De Bilt was studied intensively in June 1983, when samples
were taken at 2 hour intervals during 4 days, A summary of the data obtained is
given in Table 5.

TABLE 5 Mean density* of micro-organisms
and organic load of
De Bilt (June 11-14

F specific RNA phages
F specific DNA phages**
Somatic coliphages
Thermotolerant coliforms
Faecal streptococci
Sulphite-reducing clos-
tridia (spores)
Pseudomonas aeruginosa
Chemical oxygen demand
Total nitrogen (Kjeldahl)

raw sewage
1983)

1.2 x
1.2 x
2.1 x
8.3 x
7.8 x

2.2 x
5.2 x
380
53,7

10^ /ml
103 /ml
10- /ml
105 /ml
103 /ml

102 /ml
102 /ml
mg/1 0 2

mg/1 N

* Geometric mean of 48 samples at 2-hour
intervals

** 12 samples at 8-hour intervals

This table again demonstrates the relative abundance of FRNA phages in the sewage
of this plant. Numbers were higher than those reported in Table 4, and this possi-
bly was related with the absence of rainfall in the second period. FDNA phages
were also detected in all samples, their average count being 10% of that of FRNA
phages.

There was some variation in the count of FRNA phages in individual samples, the
maximum number detected being 4.6 x 10** pfu/ml and the minimum 3.8 x 103 pfu/ml.
About half of the total variance could be explained by variations in influent
flowrate. In a 2 hour period, ca. 1011+ F specific, phages entered the plant, and
individual data were not more than two times larger or smaller. Thus, there is a
fairly continuous discharge, of F specific phages over the day.
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Poultry processing wastewater

TABLE 6 Mean density* of micro-organisms and organic
load of poultry processing wastewater

F specific RNA phages 1.6 x 10'' /ml
F specific DNA phages 1.0 x 101 /ml
Somatic coliphages 2.6 x 101* /ml
Thermotolerant coliforms 3.7 x 105 /ml
Faecal streptococci 8.1 x 104 /ml
Sulphite reducing clostri-
dia (spores) 3.7 x I01 /ml
Chemical oxygen demand 2010 mg/1 O2
Total nitrogen (Kjeldahl) 143 mg/1 N

* Geometric mean of 5 samples (24 h flowrate-
proportional)

From a comparison of Table 5 and 6, one may conclude that the organic load of
poultry processing effluent was 3-5 x greater than that of domes tic/industrial
sewage (in a dry period). Phage densities in both types of wastewater were almost
equal, except for FDNA phages, that were found in very low numbers in poultry
processing wastewater.

Hospital wastewater

TABLE 7 Mean
and

density
organic

* of
load

bacteriophages, faecal
of hospital wastewater

Hospital A
basin 1 basin 2

streptococci

Hospital E

F specific RNA phages 1.8X101* l.OxlO3 4.8xl03 /ml
F specific DNA phages 5.1xlO3 2.1xl0z 7.8xlO3 /ml
Faecal streptococci 5.1xlOl+ S.OxlO3 2.0x10^ /ml
Somatic coliphages 3. lxlO1* 2.6xl03 3.2x10'* /ml
Chemical oxygen demand 405 190 332 mg/1 0 2

Total nitrogen (Kjeldahl) 41.6 21.1 36,4 mg/1 N

* Average of 4 samples (24 h flowrate-proportional)

In hospital A (a university hospital with research facilities), sewage was col-
lected in two basins designated as 1 and 2. Basin 1 received sewage from all
nursing areas, and also from some laboratories, educational buildings etc. Both
phage densities and organic loads were of the same order as those in domestic
sewage in a dry period (Table 5). Basin 2 collected wastewater from hospital and
university laboratories and most out-patient departments. The organic load of
sewage in this basin was about half that of basin 1, Densities of faecal strep-
tococci and phages were roughly tenfold lower. This might reflect the lower con-
tribution of faecal wastes in the sewage of basin 2. In hospital B (a general hos-
pital) phage densities and organic load were roughly equal to basin 1 at hospital
B and faecal streptococci about half that number. Surprisingly, in these samples
the FDNA phages outnumbered the FRNA phages.
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DISCUSSION

Criteria for microbial water quality indicators have been discussed by many
authors. Recently, Olivieri (1982) formulated these criteria as follows:

1. The indicator should always be present when the source of the pathogenic micro-
organisms of concern is present and absent in clean uncontaminated water.

2. The indicator should be present in numbers much greater than the pathogen or
pathogens it is intended to indicate.

3. The indicator should respond to natural environmental conditions and water and
wastewater treatment processes in a manner similar to the pathogens of interest.

4. The indicator should be easy to isolate, identify, and enumerate.

The work described in the present paper was primarily concerned with F specific
bacteriophages and criteria 1, 2 and 4, The construction of a special Salmonella
host strain has facilitated the enumeration and differentiation of F specific
bacteriophages greatly, so that we can now conclude that criterion 4 is completely
fullfilled. Using host strain WG 49 we were able to demonstrate that F specific
bacteriophages can always be found in sewage samples of different origin, and
always in relatively high numbers. Thus criterion 2 is also met and criterion 1
is partly fullfilled. We have no data yet on the absence of F specific phages in
unpolluted waters, but it appears to be highly unlikely that they will be found.
Laboratory experiments have shown that F pili are not produced below 30°C and this
would effectively prevent phage multiplication at environmental temperatures
(Seeley and Primrose, 1982). Whether F specific phages are true faecal indicators
is still an open question. Cabelli (pers.comm.) prefers to refer to phages as
"sewage indicators" as they are only rarely detected in faeces in relatively low
numbers. His view seetns to be supported by data from various authors on both
somatic and F specific phages (Dbillon et at., 1976; Osawa et at., 1981). If
faeces are not the source of phages in sewage, it remains to be explained what
their origin is. An alternative suggestion might be that phages are only found in
a small fraction of individual faecal samples, but if present in very high numbers.
In domestic sewage and poultry processing wastewater, the ratio of FRNA phages:
thermotolerant coliforms was 1:70 and 1:23 respectively. If 1% of the population
would shed numbers of phage, in the order of magnitude of E.ooli, this would al-
ready explain the numbers found in sewage. Despite this uncertainty on their ecolo-
gy* F specific phages appear to be attractive virus models under many conditions.
Further research on their behavior in water, resistance to disinfectants and com-
parison to human viruses should be carried out to explore this potential.

ACKNOWLEDGEMENTS

Parts of the work reported in this paper were carried out in projects on behalf of
the Directorate General of Environmental Protection of the Ministry of Housing,
Physical Planning and Environment, and the Veterinary Chief Inspectorate of Public
Health.

Sampling and chemical analyses were done by the Laboratory of Environmental
Chemistry (H.F.R.Reijnders, W.Koot). We thank M.During for counting indicator
bacteria and all operators of wastewater treatment plants for allowing us to obtain
samples.



F specific RNA bacteriophages in sewage 655

REFERENCES

Ackerman, H.W., Audurier A,, Berthiaume L., Jones L.A., Mayo J.A. and Vidaver A.K.
(1978). Guidelines for bacteriophage characterization. Adv. Virus Res., 2^, 1-24,

Birge, E.A. (1981). Bacterial and bacteriophage genetics. Springer Verlag, New York.

pp. 214-230.
Bitton, G. (1980). Introduction to environmental virology. John Wiley and Sons,

New York. p. 304.
Bradley, D.E. (1967). Ultrastructure of bacteriophages and bacteriocins.

Bacteriol. Rev., 3J_, 230-314.
Bradley, D.E., Coetzee J.N. , Bothnia T. and Hedges R.W. (1981). Phage F. lac: an

F. lac- plasmid-dependent bacteriophage. J. Gen. Microbiol. , 126, 405-411.
Bradley, D.E., Sirgel F.A., Coetzee J.N., Hedges R.W. and Coetzee W.F. (1982).

Phages C-2 and J: IncC and IncJ plasmid-dependent phages, respectively. J. Gen.
Microbiol., \2^, 2485-2498.

Coetzee, J.N., Bradley D.E. and Hedges R.W. (1982). Phages la and I2-2: IncI
plasmid-dependent bacteriophages. J. Gen. Miorobiol., 128, 2797-2804.

Dhillon, E.K.S. and Dhillon T.S. (1974). Synthesis of indicator strains and density
of ribonucleic acid-containing coliphages in sewage. Appl, Microbiol., 27,
640-647.

Dhillon, T.S., Chan Y.S., Sun S.M. and Chau W.S. (1970). Distribution of coliphages
in Hong-Kong sewage. Appl. Microbiol., _20, 187-191.

Dhillon, T.S., Dhillon E.K.S., Chau H.C., Li W.K. and Tsang A.H.C. (1976). Studies
on bacteriophage distribution-virulent and temperate bacteriophage content of
mammalian faeces. Appl. Environ. Microbiol., ^ 2 , 68-74.

Duckworth, D.H., Glenn J. and McCorquodale D.J. (1981). Inhibition of bacteriophage
replication by extrachromosomal genetic elements. Microbiol. Rev., h5_, 52-71.

Furuse, K., Ando A., Osawa S. and Watanabe I. (1981). Distribution of ribonucleic
acid coliphages in raw sewage from treatment plants in Japan. Appl. Environ.
Microbiol., 4J_, 1139-1143.

Furuse, K., Hirashima A., Harigai H., Ando A., Watanabe K, Kurosawa K., Inokuchi Y,
and Watanabe I. (1979). Grouping of RNA coliphages based on analysis of the
sizes of their RNas and proteins. Virology, 97_, 328-341.

Furuse, K., Sakurai T. , Hirashima A., Katsuki M., Ando A. and Watanabe I. (1978).
Distribution of ribonucleic acid coliphages in South and East Asia. Appl.
Environ. Microbiol., 15, 995-1002.

Grabow, W.O.K., Burger J.S. and Nupen E.M. (1980). Evaluation of acid-fast bacteria,
Candida albiaans, enteric viruses and conventional indicators for monitoring
wastewater reclamation systems. Prog. Water Technol., J_2, 803-817.

Havelaar, A.H. and Hogebootn W.M. (1983). Factors affecting the enumeration of coli-
phages in sewage and sewage-polluted waters. Antonie van Leeuwenhoek, 49,
387-397.

Havelaar, A.H. and Hogeboom W.M. (1984). A method for the enumeration of male-
specific bacteriophages in sewage, J. Appl. Bacteriol., accepted for publication.

Morrison, T.G. and Malamy M.H. (1971). T7 translational control mechanisms and their
inhibition by F factors. Nature, New Biol., _23_1_, 37-41.

Olivieri, V.P. (1982). Bacterial indicators of pollution. In: Bacterial indicators
of pollution, W.O.Pipes (Ed.), CRC Press, Boca Raton, Florida, pp. 21-41.

Osawa, S., Furuse K. and Watanabe I- (1981). Distribution of ribonucleic acid
coliphages in animals, Appl. Environ. Microbiol., 41, 164-168.

Sanderson, K.E., Janzer J. and Head J. (1981). Influence of lipopolysaccharide and
protein in the cell envelope on recipient capacity in conjugation of Salmonella
typhimurium. J.Bacteriol., 148, 283-293.

Seeley, N.D. and Primrose S.B. (1982). The isolation of bacteriophages from the
environment. J. Appl. Bacteriol., .53, 1-17.

Smith, H.R., Humphreys G.O., Grindley N.D.F., Grindley J.N, and Anderson E.S.
(1973). Molecular studies of an fi+ plasmid from strains of Salmonella
typhimurium. Mol. Gen. Genet., 126, 143-151.



Wat. Sai. Tech. Vol.17, Amsterdam, pp.657-664. 0273-1223/85 $0.00 + .50
Printed in Great Britain. Copyright © 1984 IAWPRC

INACTIVATION OF HEPATITIS A
VIRUS, OTHER ENTERIC VIRUSES
AND INDICATOR ORGANISMS IN
WATER BY CHLORINATION

W. O. K. Grabow, P. Coubrough, C. Hilner and
B. W. Bateman

National Institute for Water Research, Council for Scientific and Industrial
Research, P.O. Box 395, Pretoria 0001, South Africa

ABSTRACT

Hepatitis A virus (HAV) and various indicator organisms were mixed together in
autoclaved biofilter effluent and broth-enriched tap water, and the survival
kinetics of individual organisms after the addition of chlorine were compared.
Chlorine was present in the reaction mixtures predominantly in the form of
combined residuals. HAV was enumerated by a most probable number dilution assay
using PLC/PRF/5 liver cells for propagation of the virus and radioimmunoassay for
its detection. In both reaction mixtures HAV survived longer than Eschei'tchia
ooli, Streptococcus faeaalia, poliovirus type 2, coxsackievirus B5 and reovirus
type 3, while it was less resistant than coliphage MS2, coliphage VI (except in
tap water), the simian SA-1 1 rotavirus and Mycobaateriurn fortuilum. The survival
data indicate that viruses (including coliphages) tend to be relatively more
resistant to combined chlorine residuals than bacteria, while bacteria tend to be
relatively more resistant to free chlorine residuals than viruses, Coliform
bacteria may thus be fairly reliable indicators of the virological safety of
waters disinfected by free chlorine residuals, but not of waters disinfected by
combined chlorine residuals, as in the case of the chlorination of wastewater or
the chloramination of drinking-water supplies. The relatively high resistance to
combined chlorine residuals of HAV and SA—11 virus (which is closely related to
human rotavirus) emphasizes the shortcomings of methods available for virological
water analysis because they do not detect HAV and rotavirus. The results support
views that the virological safety of all chlorinated waters can be reliably
monitored by means of practical indicator systems consisting of appropriate
combinations of determinands such as the standard plate count, coliform bacteria,
coliphages, acid-fast bacteria and faecal streptococci.
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Hepatitis A virus; enteric viruses; acid-fast bacteria; coliform bacteria;
indicator organisms; water quality; chlorination; chloramines; coliphages.
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INTRODUCTION

Indirect evidence based on epidemiological data and limited experiments with
human volunteers indicates that the hepatitis A virus (HAV) may not be signifi-
cantly more resistant to water chlorination than other enteric viruses and
coliform bacteria (Neefe et al., 1947; IAWPRC Study Group on Water Virology,
1983). Results of tests in which marmoset monkeys were used to detect surviving
HAV suggested that HAV is more resistant to chlorine than other enteroviruses
(Peterson et al., 1983). Practical technology using cell culture systems for
direct investigation of the survival kinetics of HAV in chlorinated water became
available only recently (Grabow et al., 1983b). The first study in which this
technology was applied, showed that HAV is more sensitive to free chlorine
residuals at pH 6 or 8 than Myciobaoterium fortuitum, Stveptoaoaoue faeoalis,
tisoheriehia colt, certain coliphages, poliovirus type 2 and reovirus type 3, but
at pH 10, HAV was more resistant than E. aoli., coliphage MS2 and reovirus
(Grabow et al., 1983b). The survival kinetics of HAV confirmed expectations that
conditions generally specified for the disinfection of drinking-water supplies by
means of free chlorine residuals will also inactivate HAV. However, there is
reason to believe that the relative resistance of HAV to chlorine in the form of
chloramines or other combined compounds, may differ significantly from their
resistance to free chlorine residuals (Grabow et al., 1983b).

This paper compares the survival kinetics of HAV, various other enteric viruses,
SA—11 rotavirus, and selected bacteria and coliphages, in water containing
chlorine predominantly in the form of chloramines and other chlorinated com-
pounds, under conditions simulating the chlorination of water in practice. The
results are of significance because HAV is one of few viruses for which conclu-
sive evidence of water-borne transmission exists (IAWPRC Study Group on Water
Virology, 1983), wastewater is disinfected by combined chlorine residuals, and
chloramination is being increasingly favoured for the treatment of drinking-water
supplies (Grabow, 1983; Mitcham et al., 1983). In addition, the results are
essential for the selection of indicator systems for general monitoring of the
efficiency of chlorination disinfection of water.

MATERIALS AND METHODS

Viruses. The MBB strain of HAV, obtained from a stool suspension collected from
a patient five days before onset of hepatitis A, was used after seven passages in
the PLC/PRF/5 cell line derived from a primary hypatocellular carcinoma (Friisner
et al., 1979). PLC/PRF/5 cells (passage 95 to 125) were cultured in Eagle's
minimal essential medium with Earle salt solution (EMEM) as described by Grabow
et al. (1983b), HAV was titrated by most probable number assays on threefold
dilutions using PLC/PRF/5 cells in 25 cm2 plastic flasks incubated for six weeks,
with detection of HAV antigen by means of a solid phase radioimmunoassay using
monospecific human convalescent serum and commercial reagents and equipment
(Grabow et al., 1983b). Reovirus type 3 ('Lang' strain), the SA-11 rotavirus,
coxsackievirus B5, and attenuated poliovirus type 2 (strain P712), as well as
their TCID50 enumeration in rolled tubes using EMEM medium and incubation at
37 °C, have been described (Grabow and Nupen, 1981; Grabow el, al., 1983b).
Primary vervet kidney cells were used for the former two viruses, and the BGM
African green kidney cell line for the poliovirus. Organisms other than viruses
in samples from reaction mixtures for titration of HAV, reovirus, SA-11, poliovi-
rus or coxsackievirus, were inactivated by chloroform treatment (Grabow et al,,
1983b). Coliphages MS2 and VI, as well as their enumeration without chloroform
treatment by means of a double-layer-agar method, have been described by Grabow
et al. ,(1983 a;b). The host specificity of these, phages made it possible to
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separately titrate MS2 and VI phages in the same reaction mixture because MS2
plaques only on li. eoli K12 Efr and not on strains C603 or E25, and VI only on
strain C603 and not on K12 Efr or E25.

Bacteria. Mycobaeterium fortuitwn DRI4/J, S. faeaalir, FS1, and E. ooli strains B,
K12 11 fr E25 and C603, have been described (Grabow eb al. , 1983b). All bacteria
were counted by membrane filtration with incubation at 35 °C using an enriched
Middlebrook 7H9 agar for M. fortuitwn, M-FC agar without rosolic acid for E.
eoli, and M-Enterococcus agar for 5. faecalie (Grabow et al., 1983b).

Chemical analyses. All analyses including the N, N, diethyl-p-phenylene diamine
(DPD) colorimetric method for the determination of free and combined chlorine
residuals, were done as described (American Public Health Association, 1980).

Chlorination experiments. Tap water collected in our laboratory (Hattingh,
1977), or autoclaved (Hi °C/]5 min) humus tank effluent (HTE, settled biofilter
effluent; Grabow and du Preez, 1979), was used. Tap water samples were de-
chlorinated by stirring under ultraviolet light for four days (Engelbrecht et
al. , 1980). Reaction mixtures were seeded with washed suspensions of organisms
(Grabow et al., 1983b), except in the case of tap water where 18 h broth cultures
(Difco Nutrient Broth) of E. eoli and 5. faeealis, and 42 h cultures of M.
for Luititm in enriched Middlebrook 7119 medium, were added unwashed in order to
increase the chlorine demand. Each reaction mixture was prepared by adding 1 m£
quantities of appropriate suspensions (Figs 1 and 2) of li. eoli E25, S. faeealis,
M, fortuitum and coliphages MS2 and VI, as well as either poliovirus, coxsackie-
virus, reovirus, SA-M or HAV, to 200 m£ tap water or HTE in a 600 ml glass
beaker stirred by means of a magnetic stirrer. Each reaction mixture contained
only one enteric virus type because it was not possible to enumerate different
enteric viruses in the same reaction mixture. Two 10 ml samples were removed to
count micro-organisms just before the. addition of chlorine (time 0 min), 1 ml of
an appropriate dilution (see Table 1) of a commercial stock solution of sodium
hypochlorite was then added, and 10 ml samples, taken at suitable time intervals
(Figs 1 and 2), were added to 1 ml of a 20 g/l sodium thiosulphate solution to
neutralize the chlorine before counting surviving organisms (Grabow et al. ,
1983b). This procedure implies that in each experiment the survival of one
enteric virus type was compared to that, of five indicator organisms in the same
reaction mixture. Each experiment was repeated at least three times. Chlorine
concentrations in reaction mixtures were measured immediately after the addition
of chlorine (time 1 min) and after completion of experiments (60 min). In
negative control experiments sterile distilled water instead of chlorine was
added to reaction mixtures. The temperature of reaction mixtures was kept at
25 °C .

RESULTS

Inactivation of micro-organisms is represented by the average survival curves in
Figs ] and 2, and the chlorine concentrations concerned are listed in Table 1.
In seeded tap water, phage MS2 was most resistant to chlorination (Fig. 1). M,
fOTbuitim was slightly more sensitive, while all other organisms tested were
considerably more sensitive. At the 99% level of inactivation, phage MS2 was
most resistant, followed by M, fortuitum, HAV, coxsackievirus, SA-11 virus, 5'.
faeaalis, reovirus, poliovirus, phage VI and li. ooli. However, beyond the 99%
level of inactivation the survival curves displayed tailings which changed the
relative survival rates, and the extrapolated curves show that at the 6 log
reduction level the decreasing sequence of resistance was phage MS2, M. fov~
tuilim, SA-11 virus, HAV, phage. VI, coxsackievirus, reovirus, poliovirus, 5.
faeoalis and ft", so'l/i. Apart from phage MS2 and 77. soli, the relative survival
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Time (mini

Fig. I. Average survival curves of organisms exposed to chlorine (Table I) in
seeded tap water. Numbers/mS, of organisms at 0 min: E. coli E25 (EC) 1 x 106,
S. faecalis (SF) 5 x 10s, M. fortuitwn (MF) 5 x io", phage MS2 (MS) 1 x 106,
phage VI 1 x 106, HAV 1 x 10\ poliovirus (F2) 5 x 10 , coxsackievirus (B5)

9 x 10", SA-11 virus (SA) 6 x 10", reovirus (R3) 5 x 10"

20

Time (min)
Fig. 2. Average survival curves of organisms exposed to chlorine (Table 1)
in seeded, autocl.aved humus tank effluent (HTE) . Numbers/m£ of organisms
at 0 min: li.
(MF) 1 x 105

coli E25 (EC) 1 x 10'
, phage MS2 (MS) 1 x 10s

virus (P2) 3 x JO coxsackievirus (B5) 5 x 101*,
reovirus (R3) 5 x

faecalis (SF) 5 x 10•
phage VI 1 x 106, HAV

M. fortui turn
x 10", polio-

SA-11 virus (SA) 3 x 10

10*

5
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TABLE 1 Average Chlorine Concentrations in Reaction Mixtures
Represented by Survival Curves in Figs I and 2
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Reaction mixture

Chlorine residuals (rog/Jt)

Time Free
(min) chlorine

Mono-
chloramine

Di-
chloramine

Total

Seeded tap water

Seeded, autoclaved
humus tank effluent (HTE)

I
60

1
60

0,1
0,1

0,2
0,1

0.9
0.8

2.3
2.1

10.8
9.6

24.5
24.0

11.8
10.5

27.0
26.2

of organisms in HTE differed considerably from that in tap water. At the 99%
level of reduction the decreasing sequence of resistance in chlorinated HTE was
phage MS2, M. fortuitum, HAV, phage VI, poliovirus, coxsackievirus, SA-11,
reovirus, S, faeoalis and E. ooli (Fig. 2). As in the case of tap water, the
survival curves displayed tailings which changed the relative survival rates
beyond the 99% level of inactivation. The extrapolated survival curves show the
following decreasing sequence of resistance at the 6 log reduction level: Phage
MS2, SA-11, phage VI, M. fortuitum, HAV, reovirus, poliovirus, coxsackievirus, S.
faeaalis and E. ooli.

The concentrations and species of chlorine residuals in the tap water and HTE
reaction mixtures differed considerably (Table 1). In both cases the formation
of mono- and dichloramines appeared to occur immediately, and the concentration
of chlorine residuals decreased slightly during the 60 min reaction period.

The chemical quality of the tap water and HTE reaction mixtures differed consi-
derably (Table 2).

TABLE 2 Chemical Properties of Reaction Mixtures Represented

Determinand

pH

Nephelometric
turbidity units

Dissolved orga-
nic carbon
(mg/JO

Chlorides (mg/£)

Ammonia nitro-
gen (mg/£)

NO3 + N0£ nitro-
gen (mg/£)

by Survival

Unseeded

8.4

0.6

2.8

15.0

<0.2

<0.2

Curves in Figs

Tap water

Seeded

7.8

1.2

35.0

20.0

1.6

<0.2

Chlorinated

8.

1.

35.

34.

2.

0.

1

2

0

0

0

2

1 and 2

Autoclaved humus tank
effluent (HTE)

Unseeded

9.2

18.0

8.8

48.0

5.4

7.2

Seeded

8.3

18.0

9.4

48.0

6.0

7.2

Chlorinated

8.5

21.0

9,4

66.0

6.9

7.3
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DISCUSSION

Since the experiments were designed to resemble conditions in practice, no
attempt was made to disintegrate clumps or aggregates of organisms by means other
than manual shaking for a few minutes (slightly longer in the case of M. fortui-
tum cultures in order to break up floes of growth) because clumps or aggregates
can also be expected under natural conditions.

The difference in the relative survival rate in chlorinated tap water and HTE of
organisms such as M. fortuitum, HAV and coxsackievirus (Figs 1 and 2) is probably
due to differences in the chemical quality of the reaction mixtures (Tables 1 and
2) because factors such as pH, turbidity, suspended solids, nitrogenous compounds
and the species of chlorine residuals have different effects on the survival of
various organisms (Grabow, 1983). Similar differences were noted in the relative
survival rates of the same organisms in buffers containing predominantly free
chlorine residuals at different pH values (Grabow et al., 1983b). These dif-
ferences in survival rates imply that results of various studies on the effi-
ciency of water chlorination can hardly be compared without details on the
chemical quality of reaction mixtures such as those listed in Tables 1 and 2.

Despite some variation, an outstanding feature of the survival curves is that in
water which contained predominantly combined chlorine residuals, viruses (both
animal viruses and coliphages) tended to be considerably more resistant compared
with bacteria (Figs 1 and 2) than in water which contained predominantly free
chlorine residuals (Grabow et al., 1983b). This difference is illustrated by
M. foi'tuiturn, which was more sensitive to disinfection than certain viruses in
water which contained predominantly chloramines (Figs. 1 and 2), while it was
much more resistant than all viruses tested in water which contained predominant-
ly free chlorine residuals (Grabow et al., 1983b). Likewise, E. soli and 3.
faeoalis were more sensitive than viruses in water which contained predominantly
combined chlorine residuals (Figs 1 and 2), while in water which contained
predominantly free chlorine residuals they tended to be more resistant than most
viruses tested (Grabow et al., 1983b). In the case of viruses, outstanding
examples are phage MS2, HAV and SA-11 which were, compared with the other
organisms tested, quite resistant to combined chlorine residuals (Figs 1 and 2),
but sensitive to free chlorine residuals (Grabow et al,, 1983b).

Although the mechanisms by which chlorine inactivates micro-organisms in waters
of different quality are complex and the die-off kinetics subject to a variety of
factors (Grabow, 1983), the differences in the general survival pattern of
viruses and bacteria in waters containing predominantly combined chlorine or free
chlorine residuals, has a bearing on the selection of indicator organisms for
practical monitoring of the efficiency of water chlorination. In the case of
drinking-water supplies with low turbidity and optimal pH, where disinfection is
mainly by free chlorine residuals, the absence of coliform bacteria is a fairly
reliable indication of the absence of enteric viruses (Grabow et al., 1983b;
IAWPRC Study Group on Water Virology, 1983). However, in the case of highly
turbid waters, such as treated wastewaters, where disinfection is mainly by
combined chlorine residuals, the commonly used coliform indicator would probably
be inadequate for monitoring the inactivation of enteric viruses because viruses
may be expected to survive considerably longer under these conditions than
E. aoli. Concern about the value of coliforms, and even faecal streptococci, as
indicators for monitoring the chlorination of effluents and related waters, has
been expressed before (Berg et al., 1978; IAWPRC Study Group on Water Virology,
1983).

The relatively high sensitivity of E. eoti to combined chlorine residuals implies
that indicators for monitoring the efficiency of disinfection of drinking-water
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supplies by means of chloramination should be selected cautiously because coli-
forms may be inadequate to prove the virological safety of these waters. The
chloramination of drinking-water is gaining in popularity because it limits the
formation of potentially harmful chlorinated hydrocarbons (Grabow, 1983; Mitcham
et at.., 1983). Chloraminated drinking-water is a good example of the need for
selecting appropriate indicator systems for different purposes (IAWPRC Study
Group on Water Virology, 1983) because the data in Figs 1 and 2 show that, in
this case, indicators such as coliphages and acid-fast bacteria in addition to
coliforms, are even more important than in the case of waters disinfected by free
chlorine residuals. Even though the standard plate count has not yet been
evaluated at the level of the experiments conducted in this study, it may also
prove an essential indicator for chloramination because it is one of the most
reliable and practical indicators for water disinfection processes in general
(Grabow et at., 1980).

Although HAV shares many properties with other enteroviruses (Coulepis et at.,
1982) and was not particularly resistant to free chlorine residuals (Grabow et
at., 1983b), the observation (Figs 1 and 2) that it is more resistant to combined
chlorine residuals than poliovirus, reovirus and coxsackievirus B5 (which was
found more resistant to chlorine than most other enteroviruses; Engelbrecht et
at., 1980), implies that methods currently used for the virological analysis of
water may not always be suitable indicators of the virological quality of water
because they do not detect HAV (IAWPRC Study Group on Water Virology, 1983). The
relatively high resistance of SA—I 1 to chloramines (Figs 1 and 2), in contrast to
free chlorine residuals (Grabow et a'l., 1983b), implies that the same may hold
for the closely related human rotavirus, which is also not covered by methods
presently used for virological water analysis. Relatively high resistance of HAV
to chlorination under certain conditions is also evident from the results of
Peterson et at. (1983). This behaviour of HAV and SA—11 emphasizes the short-
comings of presently available virus technology (IAWPRC Study Group on Water
Virology, 1983). At the same time the data in Figs 1 and 2 and the preceding
study (Grabow et at., 1983b) support views that the virological safety of all
chlorinated waters can reliably be monitored by means of practical indicator
systems consisting of appropriate combinations of determinands such as the
standard plate count, coliforms, coliphages, acid-fast bacteria and faecal
streptococci (Grabow eL at., 1980; 1983a;b; IAWPRC Study Group on Water Virology,
1983).
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ABSTRACT

Model enteric viruses were concentrated from seeded samples of raw, finished and
granular activated carbon (GAC)-treated waters and from GAC-treated waters
supplemented with humic or fulvic acid or bentonite clay particles by adsorption
to electropositive (Virosorb 1MDS) filters at pH 7.5 or electronegative
(Filterite) filters at pH 3.5 with and without 5 mM added MgCl,, followed by
elution with 0,3% beef extract in 50 mM glycine at pH 9.5. Natural participates
in raw and finished waters had little effect on virus concentration efficiencies.
Soluble organic compounds reduced virus adsorption efficiencies from both raw and
finished waters compared to GAC-treated water, but the extent of interference
varied with virus type and adsorption conditions. Humic and fulvic acids caused
appreciable reductions in poliovirus adsorption and recovery efficiencies with
both type8 of filters. Fulvic acid caused greater reductions in virus recovery
with Virosorb 1MDS filters than with Filterite filters. Fulvic acid interference
with virus recovery by Filterite filters was overcome by the presence of 5 mM
MgCl.. Although humic acid reduced virus recoveries by both types of filters, its
greatest effect was on virus elution and recovery from Filterite filters.
Bentonite clay enhanced poliovirus retention by both filter types as much as
8-fold. However, the presence of clay often interfered with elution of retained
viruses from both filter types. Under some conditions, overall virus recoveries
were considerably lower from water with clay than from clay-free control water.
The results of this study suggest that high concentrations of soluble organic
matter such as humic and fulvic acids and suspended solids such as bentonite clay
may interfere somewhat with virus recovery by filter adsorption-elution methods.

KEYWORDS

Viruses; concentration; particulates; humic acid; fulvic acid; soluble organics;
adsorption; elution; adsorbent filters; bentonite

INTRODUCTION

The effectiveness of microporous filter methods for enteric virus concentration
from water and wastewater is limited by interferences from dissolved and suspended
matter in the sample. Suspended matter clogs adsorbent filters, thereby limiting

665



666 M.D. SOBSEY et al.

the volumes that can be processed and possibly interfering with virus elution
(Weilings et al. 1976). Dissolved and colloidal organic matter interferes with
virus adsorption to filters, apparently by competing for adsorption sites (Wallis
and Melnick, 1967; Sobsey et al., 1973). Despite the recognition that both
suspended matter, and dissolved and colloidal organic matter probably interfere
with virus concentration by microporous filter methods, the effects of these
interferences have not been systematically studied under controlled conditions.
The purpose of this study was to quantitatively determine the effects of naturally
occurring and model suspended solids and soluble organic matter on enteric virus
concentration efficiency with electropositive and electronegative adsorbent
filters.

METHODS AND MATERIALS

Four enteric viruses were used: poliovirus type 1, strain LSc; echovirus type 1,
strain V239 (a gift from Charles P. Gerba, Baylor College of Medicine); reovirus
type 3, Dearing strain; and simian adenovirus SV-11. Viruses were cultivated and
assayed as previously described (Sobsey et al., 1978).

Filters

The electropositive adsorbent filter medium was Virosorb 1MDS (charge-modified
fiberglass, 0.2 pm nominal porosity; AMF Corp., Cuno Division). To correspond to
the medium configuration in Virosorb 1MDS filter cartridges, two layers of 1MDS
medium were used in each filter housing.

The representative electronegative filter medium was Filterite (fiberglass-epoxy,
0.25 and 0.45 pm nominal porosity, Filterite, Inc.). One layer of Filterite
medium was used in each filter housing for experiments on the effects of naturally
occurring soluble organic matter and participates. For experiments on the effects
of humic and fulvic acids and bentonite clay, layers of both 0.25 and 0.45 ym
porosity medium were used together. In experiments on the effects of bentonite
clay, filters were pre-treated with 15 ml of a 1% Tween 80 (polyoxyethylene (20)
sorbitan monooleate) solution for 15 minutes in order to minimize direct virus
adsorption to filter surfaces. After treatment, filters were rinsed with 300 ml
of GAC-treated tap water to remove excess Tween 80.

Adsorbent filter disks, 47 or 25 mm diameter, were loaded into polypropylene
housings and sterilized by autoclaving.

For experiments on the effects of naturally occurring soluble organic matter and
particulates, samples of raw and finished water were collected from the Orange
County water treatment plant in Carrboro, N.C., USA. Finished water was
dechlorinated with 50 mg sodium thiosulfate per liter. The source of raw water is
University Lake, and the finished water is produced from this source by a
conventional treatment scheme consisting of alum coagulation-flocculation,
sedimentation, mixed media (anthracite-sand) filtration and chlorination, The
characteristics of both raw and finished water have been described previously
(Sobsey et al., 1980a).

Sampling times were arranged such that the same batch of water was sampled before
and after treatment. Half of each water type was prefiltered through a 0.2 \itar-
porosity polycarbonate filter (Nuclepore Corp.) to remove suspended solids.
Polycarbonate prefilters were chosen because their low affinity for soluble
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organic compounds and their inert chemical composition would not affect the

soluble organic levels in water samples.
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In addition, a sample of tap (finished) water was pretreated by granular activated
carbon (Filtrasorb 400, Calgon, Inc.) filtration (adsorption) followed by
filtration through a 0.2 ym-porosity polycarbonate filter to further reduce levels
of soluble organic8 and to remove suspended solids and carbon fines. Experiments
with humic and fulvic acids and bentonite clay also used granular activated carbon
(GAC)-treated tap water.

General characteristics of the water types used in this study are summarized in
Table 1.

PHYSICAL AND CHEMICAL QUALITY OF TEST WATERSS-

Quality
Parameter
(Units)

Filtered Filtered GAC-treated
Raw Raw Finished Finished Finished

Turbidity (NTU)

Color (Cobalt
units)

Total Organic
Carbon (mg/1)

Hardness
(rag CaC03/i)

Conductivity
(ymhos/cm)

Alkalinity
(mg CaC03/i)

pH

13
(9.4)

32
(4.8)

4.3
(1.6)

28

(7.4)

118
(8.0)

27

(5.6)

6.8
(0.3)

<0.02

no
data

4.8
(1.9)

no

data

no
data

no

data

6.8
(0.3)

0-24
(0.22)

0

2.7
(1.0)

27

(7.8)

182
(34)

35

(6.3)

7.4
(0.3)

<0.02

0

2.4
(0.6)

no

data

no
data

no

data

7.4
(0.3)

<0.02

0

0.4
(0.5)

no

data

no
data

no

data

7.6
(0.3)

Data from analyses of water samples on days of collection for
virus experiments. Thirty-seven sample collections,
approximately weekly, over an 11-month period. TOC data are
based on only 12 samples collected monthly. Top values are
means, values in parentheses are standard deviations.

Isolation of humic and fulvic acids

One hundred twenty gallons of water from Bay Tree Lake, a highly colored, Boft
surface water located 40 miles southeast of Fayetteville, NC, USA were filtered
through a 1.0 pm Fulflo polypropylene filter (Commerical Filter Division,
Carborundum Co.), collected, and acidified to pH 2.0 in 50 gallon polypropylene
drums. After 48 hours of settling, the humic acid precipitate was collected by
removing the supernatant water containing fulvic acid and further concentrated by
centrifugation. The precipitate was resuspended and reprecipitated in
deionized-distilled water and partially resuspended for continuous flow dialysis
against deionized water for five days. The dialysate was lyophilized and its ash
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content determined to be 13% by muffle furnace combustion. Humic acid remained
75-80% particulate at pH 7.5 and attempts to further BOlubilize the material by
adjusting the pH to extremely alkaline levels followed by pH readjustment to
experimental levels resulted in an unfilterable suspension. Therefore, humic acid
was used without further attempts to solubilize at high pH levels.

The fulvic acid fraction was concentrated by adsorption to XAD-8 resin (Rohm and
Haas), a macroporous me thy line thacry late co polymer, at pH 2, Fulvic acid was
eluted with 0.1 N NaOH, adjusted to pH 7.0, and concentrated by ultrafiltration
using a 500 molecular weight cut-off membrane (UM 05, Amicon). The fulvic
material was lyophilized and the ash content determined to be 6%. Fulvic acid was
completely soluble at all pH values studied.

Analysis of humic and fulvic acids

Quantitation of humic and fulvic acids was done by Total Organic Carbon analysis
using a Dohnnann Envirotech DC-54 Ultralow Level TOC Analyzer. The concentration
of organic acid is expressed as milligrams of TOC per liter (mg/1).

Virus Concentration Experiments

For experiments on the effects of naturally occurring soluble organic matter and
particulates, 1300-ml volumes of each water type were seeded with test virus to
about 5 x 10* plaque-forming units (PFU)/ml. Using IN HC1 or NaOH. each seeded
sample was adjusted to the desired adsorption pH: pH 3.5 for Filterite filters or
pH 7.5 for Virosorb 1MDS filters. For trials with Filterite filters, replicate
volumes of seeded water types were processed with and without 5 mM added MgCl_.

After sampling for determination of input virus levels, each seeded sample was
filtered through a Sterile adsorbent filter at 50 ml/min, using regulated air as a
source of positive pressure. Filtrates were collected and sampled for assay of
viruses not adsorbed by the filter. Adsorbed viruses were eluted from filters
with two successive 7.5-ml volumes of 0.3% beef extract in 50 mM glycine, pH 9.5,
(BE-GLY) as previously described (Sobsey and Glass, 1980). Eluates were
neutralized with dilute HC1 and sampled for assay of recovered viruses.

For experiments on the effects of humic and fulvic acid, humic or fulvic acid was
added to 300 ml volumes of GAC-treated tap water to final concentrations of 3, 10.
or 30 mg/1. These concentrations were considered representative of TOC levels in
finished, raw surface and highly colored raw surface waters, respectively.
Samples were then seeded with poliovirus to a concentration of 1 x 10^
plaque-forming units (PFU) per ml. Samples were adjusted to pH 7.5 for Virosorb
1MDS and to pH 3.5 for Filterite using 1.0 N HC1 or NaOH. MgCl w a 8 a i B 0 added to
a series of Filterite water samples to a final concentration of 5 mM. A small
aliquot of each sample was taken for determination of initial virus levels.
Samples were pressure filtered through 25 mm diameter filters at a flow rate of 50
ml/min. Filtrates were collected and assayed for unadsorbed viruses. Absorbed
polioviruses were eluted from filters with BE-GLY. Two successive 3.5-ml volumes
were used for all filter elutions, except for Virosorb 1MDS filtrations with humic
acid, where only a single 3.5-ml volume of eluent was filterable. Eluates were
assayed to determine the amount of input virus recovered.

For experiments with bentonite clay, GAC-treated tap water was seeded with
poliovirus to give about 1x10 PFU/ml. Clay was added to some aliquots to give a
turbidity of 10 NTU. Five hundred-ml samples were filtered at 50 ml/minute
through 47 mm diameter adsorbent filters, although flow rates in clay samples were
lower due to clogging. Filtrates were assayed for unadsorbed viruses. Adsorbed
viruses were eluted with two 7.5-ml volumes of BE-GLY, adjusted to neutral pH and
assayed for recovered viruses.
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RESULTS

Effects of Natural Suspended Solids

Enteric virus adsorption and recovery efficiencies from untreated and prefiltered
raw and finished waters are summarized in Tables 2 and 3. In general, removal of
suspended solids from raw (Table 2) and finished (Table 3) water by 0.2 pra-
prefiltration had little ox no effect on subsequent virus recovery efficiency.
Comparison by paired .t-tests showed no significant difference in virus recovery
efficiencies between untreated and prefiltered waters for any virus type in either
raw or finished water (F > 0.1 in all cases).

With Filterite filters at pH 3.5 and without added MgCl2> significant differences
(P < 0.05) were observed between virus adsorption efficiencies in untreated and
prefiltered raw water for both poliovirus and echovirus (Table 2). For both
viruses, removal of suspended solids by prefiltration resulted in a significant
decrease in adsorption efficiency. Thus, for the two enteroviruses, suspended
solids at the levels in raw water enhanced virus adsorption to or retention by
electronegative adsorbent filters when used at acidic pH levels with no added
MgCl-. Differences in virus adsorption efficiencies between prefiltered and
unprefiltered finished waters were not observed, perhaps because suspended solids
levels in finished water are already so low without prefiltration. The mechanism
of adsorption enhancement by suspended solids in raw water is not clear from these
experiments, but it may involve reduced flow rates due to filter clogging and/or
additional virus adsorption sites provided by the solids that accumulate in the
filter matrix. It is interesting to note that suspended solids-mediated
enhancement of enterovirus adsorption from raw water was observed only with
Filterite filters without MgClj amendment. Therefore, as might be expected, both
pH and ionic conditions seem to influence enterovirus interactions with suspended
solids in water.

Notably, suspended solids had no discernable effect on the adsorption of the
reovirus and SV-11 to both types of filters. This observation suggests that
there may be differences among virus types with respect to interactions with
suspended solids in water.

Effects of Natural Soluble Organic Compounds

To examine the influence of soluble organic compounds on microporous filter
methods, viruses were concentrated from solids-free (i.e., 0.2 ym-prefiltered)
waters containing different levels of naturally-occurring organic compounds: raw
water (high levels of soluble organics), finished water (moderate levels of
soluble organics) and GAC-treated tap water (low levels of soluble organics).
Adsorption and recovery efficiencies for the three adsorbent/adsorption conditions
and the four virus types are summarized in Table 4.
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Interference by soluble organics with adsorption to electropositive Virosorb 1MDS
filters at pH 7.5 was observed for all virus types tested. Although differences
were not always statistically significant, virus adsorption efficiencies were
generally greater from waters with lower concentrations of soluble organics.

Virus
Type

Polio

Echo

Reo

Adeno

ENTERIC VIRUS

Filter Type;
Adsorption Cond,*

Virosorb 1MDS
pH 7.5

Filterite
pH 3.5

Filterite
pH 3.5 + MgCl_

Virosorb 1MDS
pH 7.5

Filterite
pH 3.5

Filterite
pH 3.5 + MgCl2

Virosorb 1MDS
pH 7.5

Filterite
pH 3.5

Filterite
pH 3.5 + MgCl2

Virosorb 1MDS
pH 7.5

Filterite
pH 3.5

Filterite
pH 3.5 + MgCl2

Adsorption
Untreated
62(29)

55(32)

70(89)

35(28)

53(39)

70(94)

74(19)

97(6.1)

99(1.4)

54(36)

77(53)

98(2.7)

CONCENTRATION FROM RAW WATER

Efficiency U ) b

Prefiltered
57(46)

29(23)c

82(66)

29(21)

23(35)c

76(67)

58(40)

99(0.4)

99(1.4)

54(31)

100(0.1)

99(1.0)

Recovery Efficiencv(%)b

Untreated Prefiltered
36(13)

31(36)

47(65)

14(16)

23(17)

21(51)

13(14)

1.2(2.6)

2.1(8.2)

22(18)

18(52)

25(38)

48(42)

22(17)

75(61)

38(58)

12(7.4)

57(110)

15(14)

1.2(2.9)

2.1(8.8)

17(27)

38(20)

32(60)

.Adsorption cond. « adsorption conditions.
Mean percentages from 3 to 5 replicate experiments; 95% confidence intervals
inside parentheses. Adsorption percentages were obtained from the difference in
virus concentrations between the initial water prior to filtration and the
filtrate. Recovery percentages were obtained by dividing the total viruses in the
eluate by the total viruses in the initial water.
c Under lined values are significantly different at the 5% level in a paired t.-teat.
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As suggested by previous work (Sobsey and Glass, 1980), soluble organics caused
generally greater reductions in adsorption efficiencies of poliovirus and
echovirus to electronegative Filterite filters used with no sdded MgCl- than to
electropositive Virosorb 1MDS filters, possibly because of pH-associated changes
in the physico-chemical characteristics of the interfering compounds and/or the
viruses. However, as previously reported (Sobsey et al., 1980b; 1981), addition
of 5 mH MgCl^ to the water before filtration largely overcame adsorption
interference for Filterite filters by soluble organi.cs (Table 4 ) .

TABLE 3. INFLUENCE OF SUSPENDED SOLIDS ON
ENTERIC VIRUS CONCENTRATION FROM FINISHED WATER

Reo

Filter Type; Adsorption Efficiency (%)a Recovery Efficiency (Z)a

Virus Adsorption Untreated Prefiltered Untreated Frefiltered
Type Conditions

Virosorb 1MDS 79(32) 68(41) 57(17) 44(18)
pH 7.5

Polio Filterite 48(26) 47(17) 33(16) 41(18)
pH 3.5

Filterite 99(1.9) 99(1.6) 76(135) 79(19)
pH 3.5 + MgCl2

Virlsorb 1MDS 71(39) 61(58) 53(30) 56(48)
pH 7.5

Echo Filterite 61(36) 37(42) 22(22) 31(28)
pH 3.5

Filterite 99(1.2) 99(1.2) 36(84) 62(4.9)
pH 3.5 + MgCl2

Virosorb 1HDS
pH 7.5

Filterite
pH 3.5

Filterite
pH 3.5 + MgCl.

76(34)

99(0.4)

99(1.4)

80(12)

99(0.4)

99(1.4)

19(11) 22(23)

0.6(0.7) 0.6(1.4)

1.8(6.9) 2.1(8.6)

Adeno

Virosorb 1MDS
pH 7.5

Filterite
pH 3.5

Filterite
pH 3.5 +

71(20)

99(4.1)

69(20)

97(3.7)

100(1.0) 99(1.6)

17(18)

34(41)

28(33)

13(22)

24(33)

32(35)

"Mean percentages from 3 to 5 replicate experiments; 95% confidence interval
inside parentheses. Adsorption percentages were obtained from the difference in
virus concentrations between the initial water prior to filtration and the
filtrate. Recovery percentages were obtained by dividing the total viruses in
the eluate by the total viruses in the initial water.
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Recovery efficiencies for poliovirus and echovirus followed a general pattern
similar to adsorption efficiencies. Virosorb 1MDS filters showed somewhat less
susceptibility to interference by soluble organics than did Filterite filters used

without MgClj amendment, while Filterite used with added MgCl2 showed little or no
evidence of organic interference (Table 4 ) .

TABLE 4. INFLUENCE OF NATURALLY-OCCURRING SOLUBLE ORGANICS
ON ENTERIC VIRUS CONCENTRATION FROM PREFILTERED WATERS'1

V i r u s F i l t e r T y p e ; A d s . Efficiency (2)D

Type Ads. Condition Raw Finished GAC
Recovery Efficiency (
Raw Finished GACC

Viroaorb 1MDS 57(46) 68(41) 92(21)
pH 7.5 pH 7.5

48(42)

29(23) 47(17) 94(8.8)c 22(17)

44(18) 36(30)

41(18) 67(39)cPolio Filterite
pH 3.5

Filterite 82(66) 99(1.6) 100(0) 75(61) 79(19) 75(46)
pH 3.5 + MgCl2

Virosorb IMPS 29(21) 61(58) 100(0.l)c 38(58) 56(48) 83(24)
pH 7.5

Echo Filterite 23(35) 37(42) 90(ll)c 12(7.4) 31(28) 65(36)c

pH 3.5

Filterite 76(67) 99(1.2) 100(0.4) 57(110) 62(4.9) 79(21)
pH 3.5 + MgCl2

Reo

Virosorb 1MDS 58(40) 80(12) 96(U) C

pH 7.5

Filterite 99(0.4) 99(0.4) 99(0.4)
pH 3.5

15(14) 22(23) 27(25)

1.2(2.9) 0.6(1.4) 0.2(0.2)

Filterite 99(1.4) 99(1.4) 99(1.4) 2.1(8.8) 2.1(8.6) 0.9(2.1)
pH 3.5 + MgCl

Virosorb 1MDS 54(31) 69(20) 82(33)
pH 7.5

17(27) 13(22) 16(30)

Adeno Filterite
pH 3.5

100(0.1) 97(3.7) 85(39) 20(38) 24(33) 40(78)

Filterite 99(1.0) 99(1.6) 73(40)c 32(60) 32(35) 6.4(9.2)
pH 3.5 + MgCl2

"Abbreviations: ads. = adsorption; GAC • granular activated carbon-treated water.
Mean percentages from 3 to 5 replicate experiments; 95% confidence intervals
inside parentheses. Adsorption percentages were obtained from the difference in
virus concentrations between the initial water prior to filtration and the
filtrate. Recovery percentages were obtained by dividing the total viruses in
the eluate by the total viruses in the initial water.

Underlined values are significantly different at the 5% level by analysis of
variance.
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In contrast to the enteroviruaes, reovirus was adsorbed efficiently (99%) by
Filterite filters at pH 3.5, regardless of the soluble organic or ionic content of
the water. However, adsorbed reoviruaes were poorly recovered from Filterite
filters (< 2.1%) compared to Virosorb 1MDS filters (15-27%), and were poorly
recovered in general compared to the enteroviruses. Because reovirus has been
shown (Sobsey et al., 1980) to be stable in the range of pH 3.5 (the adsorption pH
used for Filterite filters) and pH 9-5 (the elution pH used in this study), virus
inactivation in solution probably cannot account for the high adsorption
efficiencies and low recovery efficiences observed. Poor elution and recovery of
reovirus adsorbed to Filterite filters from tap water has been previously observed
(Sobsey et al., 1981). Possible explanations for the observed results are: (a)
stronger adsorption of reovirus than poliovirus and echovirus to Filterite
filters, thus making subsequent reovirus elution more difficult or, (b) reovirus
inactivation on the surface of the adsorbent filter.

Adsorption efficiency of SV-11 decreased with decreasing organic load. Thus, it
would appear that, unlike either the two enteroviruses or reovirus, naturally
occurring organic compounds in water enhance SV-11 adsorption to electronegative
filters. SV-11 recoveries were generally somewhat greater with Filterite filters
than with Virosorb 1MDS filters. However, like reovirus, SV-11 was recovered
somewhat less efficiently from either adsorbent than were the two enteroviruses,
and recovery efficiencies were not significantly different among the three types
of water.

Effects of Humic and Fulvic Acids on Cell Culture Viability and
Poliovirus Infectivitv

Preliminary experiments revealed that humic and fulvic acid concentrations of up
to 30 mg/1 were not cytotoxic to BGM cell cultures used for poliovirus plaque
titrations. On the basis of comparisons with poliovirus titers in PBS controls,
no consistent losses in poliovirus titers could be attributed to either organic
acid at any pH level tested in sample volumes ranging from 30 to 600 ml (data not
shown).

Poliovirus Adsorption and Recovery Efficiencies in the Presence of
Humic Acid

As shown by the results in Table 5, increasing humic acid concentrations decreased
poliovirus adsorption and recovery efficiencies for all three filter schemes. It
should be noted that Virosorb 1MDS filtration experiments with humic acid utilized
only one, 3.5-ml volume of eluent while Filterite experiments used two, successive
3.5-ml volumes of eluent. The virus recovery efficiencies obtained with the first
3.5-ml of eluent for both Filterite conditions are shown in Table 5 for comparison
with Virosorb 1MDS efficiencies. Also shown in Table 5 are the Filterite
recovery efficiencies with the total 7 ml of eluent. Statistical comparisons by
paired t-tests showed that high humic acid concentrations significantly reduced
adsorption and recovery efficiencies of both Virosorb 1MDS and Filterite filters,
but the reductions were not always statistically significant at the 5% level.
Reductions in virus recovery efficiency were greatest for Filterite filters used
without MgCl2. For Virosorb 1MDS, adsorption was the parameter most affected by
humic acids, but recovery efficiency was also somewhat reduced at 10 and 30 mg
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humic acid/1. Although Filterite used with 5 wM Y%Z\^ gave the greatest
adsorption efficiencies in the presence of humic acid, recovery efficiencies were
significantly reduced in the presence of 10 and 30 mg of humic acid per liter. At
the highest humic acid concentration tested (30 mg/1), Virosorb 1MDS gave the
highest reovery efficiency despite an adsorption efficiency of only 35%.

OF POLIOVIRUS WITH

Humic Acid
Cone.
(mjt TOC/1)

0

3

10

30

Virosorb

Ads.(%)D

91
(21)

94
(8.2)

65
(20)

35
(6.9)

1MDS,
7.5
Rec. (X)
3.5 mlc

24
(17)

18
(12)

11
(8.1)

8.0
(0.6)

VIROSORB 1MDS AND FILTERITE FILTERS'1

Filterite .
Ads.U) Reco

99
(0.1)

85
(11)

71
(31)

76
(47)

3.5 ml

67
(.01)

7.8
(0.6)

1.1
(1.3)

0.7
(0.9)

DH 3.5
vered (%)
c 7.0 mla

78
(49)

8.8
(1.4)

1.1
(1.4)

0.7
(0.9)

Filterite
with 5 mM
Ads.U)

99
(0.1)

97
(6.4)

90
(14)

83
(9.0)

. pH 3.
[ MECI

5

Recovered (Z)
3.5 ml

38
(66)

37
(50)

11
(11)

4.6
(2.5)

7.0 ml

60
(15)

38
(53)

11
(11)

4.8
(2.2)

Values are mean percentages from 3 or 4 replicate experiments; values in paren-
theses are 95% confidence intervals.
Percentage of initial (input) viruses absorbed. Value was obtained by subtrac-
ting percentage of unadsorbed (filtrate) virus from 100 percent.

^Percentage of initial viruses recovered in the first 3.5-ml eluate volume.
Percentage of initial viruses recovered in the combined first and second eluates.

Poliovirus Adsorption and Recovery Efficiencies in the Presence of
Fulvic Acid

In experiments with fulvic acid, two, successive 3.5-ml volumes of eluent were
used for all filters. Adsorption and recovery efficiencies for the three
filtration schemes in the presence of fulvic acid appear in Table 6. Statistical
analyses of these data by paired .t-tests showed that adsorption and recovery
efficiencies of Virosorb 1MDS and Filterite filters used without MgCl^ were
significantly reduced at increased concentrations of fulvic acid, with Virosorb
1MDS filters being the most seriously affected. Filterite used with MgCl- achieved
the highest adsorption and recovery efficiencies for the range of fulvic acid
concentrations tested (Table 6), and on the basis of paired £-tests, was not
significantly affected by fulvic acid.
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TABLE 6. EFFECT OF FULVIC ACID ON ADSORPTION AMD RECOVERY
OF POLIOVIRUS WITH VIROSORB IMPS AND FILTERITE FILTERS8

Fulvic
Acid
Cone,
(rag TOC/1)

0

3

10

30

Virosorb 1MDS.
Ads.

99
(0.8)

59
(24)

19
(15)

7.4
(67)

^PH7^1
Recovered (%)
3.5 mlc 7.0 mld

10
(0.8)

9.2
(7.5)

6.4
(5.0)

3.4
(3.7)

32
(8.6)

23
(2.5)

12
(10)

6.9
(3.3)

Fi l ter i te .
Ads.
(X)

100
(0)

56
(34)

59
(25)

54
(13)

Recovered (?)
3.5 ml 7.0 ml

83
(29)

33
(46)

20
(33)

21
(43)

92
(29)

39
(50)

26
(39)

25
(52)

Filterite,pH
with 5 raM MftC

Ads.
(X)

100
(0)

99
(1.4)

92
(11)

87
(30)

Recovered
3.5 ml

47
(54)

54
(36)

82
(30)

50
(5.7)

3.5

to
7.0 ml

53
(55)

63
(48)

89
(29)

58
(22)

Values are mean percentages from 3 replicate experiments; values in parentheses
bare 95% confidence intervals.
Percentage of initial (input) viruses adsorbed. Value was obtained by subtrac-

ting percentage of unadsorbed (filtrate) virus from 100 percent.
Percentage of initial (input) viruses recovered in the first 3.5-ml eluate

^volume.
Percentage of initial (input) viruses recovered in the combined first and
second eluates.

Comparison of Humic And Fulvic Acid Effects on Poliovirus Adsorption
and Recovery

Two-sample _t.-teats were used to compare organic acid effects on each filter and
filtration condition. Poliovirus adsorption to Virosorb 1MDS filters was reduced
a significantly greater extent by fulvic acid than by humic acid, but recovery
efficiencies were similarly reduced by both organic acids. For Filterite used
without MgCl2> adsorption efficiences were also reduced a greater extent by fulvic
acid than by humic acid, but the difference was statistically significant (P <
0.05) only at 3 rag of organic acid per liter. In contrast, recovery efficiencies
for Filterite used without MgCl appear to be reduced a greater extent by humic
acid than by fulvic acid, but these differences were not statistically significant
at the 5% level. For Filterite used with MgCl,, adsorption efficiencies were
similarly unaffected by both organic acids, but recovery efficiencies were reduced
a significantly greater extent by humic acid than by fulvic acid.

It is interesting to note that in fulvic acid samples, poliovirus recovery
efficiencies from Filterite filters were only slightly higher for the two,
successive 3.5-ml volumes of eluent than for the first 3.5-ml volume of eluent
(Table 6 ) . In contrast, poliovirus recovery efficiencies from Virosorb 1HDS were
considerably greater for the two, successive eluent volumes than for the first
eluent volume. This finding suggests that in the presence of fulvic acid
poliovirus is more easily eluted from electronegative Filterite filters than from
electropositive Virosorb 1HDS filters.
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Effects of pH and MgCl,, on Poliovirus Adsorption to Bentonite in GAC-Treated Tap
flater A

The adsorption of poliovirus to bentonite in GAC-treated water at pH 5.5 and 7.5
with and without 5 and 50 mM MgCl2 w as determined because such adsorption could
influence virus retention by microporous filters. As shown by the results in
Table 7, poliovirus adsorption to bentonite was >99% in the presence of 50 mM
M8('12 a t b o th PH levels. There was little virus adsorption without MgCl2- In the
presence of 5 mM MgCl2 virus adsorption to bentonite was 81 and 46 percent at pH
7.5 and 5.5, respectively. Thus, under conditions typically used for Virosorb
1KDS filters (pH 7.5, no MgCl^) poliovirus adsorption to bentonite was minimal,
but under conditions typically used for Filterite filters (pH 5.5 or 7.5, with 5
or 50 mM MgCl2) virus adsorption to bentonite was more extensive.

TABLE 7. EFFECTS OF pH AND M^Cl 0 N PQLII
ADSORPTION TO BENTONITE IN GAC-TREATED TAP WA

Water Conditions Initial Poliovirus Adsorbed (%) in:

DH MeCl (mM) Water only Water + Clay

7.5 none <1 12
7.5 5 NT 81
7.5 50 12 >99
5.5 5 NT 46
5.5 50 NT >99

"Fifty ml samples of GAC-treated tap water containing 1 x 10* PFU
of poliovirus per ml were adjusted to the indicated pH conditions
and some were amended with MgClj and/or bentonite (100 NTU).
After mixing for 15 min., samples were centrifuged at 10,000 x g for
20 min. and the supernatants were assayed for unadsorbed viruses.

Effects of Bentonite on Poliovirus Adsorption. Elution and Recovery with Virosorb
lMDS__and Filterite Filters

Results of experiments on poliovirus concentration from GAC-treated water with and
without bentonite using both types of filters are summarized in Table 8 in terms
of adsorption, elution and recovery efficiencies, as percentages. Under
conditions typically used for Virosorb 1MDS (pH 5.5 or 7.5, no MgClj) an<j
Filterite (pH 5.5 or 7.5, with MgCl.)t poliovirus adsorption efficiencies were
generally greater in the presence or bentonite than in clay-free control samples.
Under these same conditions, however, virus elution efficiency was lower in the
presence of bentonite than in clay-free controls. The net, overall result of
these two different effects by bentonite was to reduce virus recovery under most
conditions typically used for each type of filter. The only exception was for
Virosorb 1MDS at pH 7.5. Under conditions where overall virus recoveries were
lower in the presence of bentonite than in clay-free controls, the differences in
recoveries were not statistically significant (P > 0.05). Thus, it appears that
bentonite clay turbidity at 10 NTU is capable of reducing poliovirus recovery from
water by microporous filter methods, but the reductions are not dramatic and at
least some portion of the viruses are recovered.
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TABLE 8. EFFECT OF BENTONITE CLAY ON FOLIOVIRUS CONCENTRATION
FROM WATER USING YIROSORB IMPS AND FILTERITE FILTERS

Sample*

Control
Control
Control
Control

Clay
Clay
Clay
Clay

Control
Control
Control
Control

Clay
Clay
Clay
Clay

Filter
Type8

Filt.
Filt.
Filt.
Filt.

Filt.
Filt.
Filt.
Filt.

1MDS
1MDS
1MDS
1MDS

1MDS
1MDS
1MDS
1MDS

Adsorvtion Conditions Retention
pH MgCl2 (mM) Efficiency5

5.5
5.5
7.5
7.5

5.5
5.5
7.5
7.5

5.5
5.5
7.5
7.5

5.5
5.5
7.5
7.5

none
50
none
50

none
50
none
50

none
50
none
50

none
50
none
50

8.9(18)e

88(5.2)
20(24)
85(13)

77(24)
99(1.7)
83(18)
100(0)

79(22)
64(12)
61(7.0)
91(9.0)

99(0.3)
100(0)
96(3)
93(13)

Elution
Efficiency0

2.0(2.4)e

71(66)
5.9(6.4)
43(30)

43(22)
24(13)
34(28)
11(7.0)

80(28)
88(52)
37(8.5)
54(35)

32(2.2)
50(39)
24(8.2)
13(11)

Recovery
Efficiency"1

5.4(4.2)e

62(59)
4.2(0.9)
36(24)

31(14)
24(13)
30(20)
11(6.9)

62(23)
56(29)
22(4.6)
48(26)

32(2)
50(39)
23(7)
12(10)

Control • GAC-treated tap water; clay = GAC-treated tap water with bentonite
clay at 10 NTU; Filt. » Filterite; IMPS = Viroaorb 1MDS.
Percentage of initial viruses in sample retained by filter at indicated
conditions.

^Percentage of total adsorbed viruses eluted from filter.
Percentage of initial viruses in sample recovered in eluate.
Initial values are means from four trials; values in parentheses are standard

deviations.
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DISCUSSION AND CONCLUSIONS

Differences exist among enteric virus types with respect to their interactions
with adsorbent filters in the presence of suspended solids and soluble organics.
In experiments with naturally occurring suspended solids and soluble organics,
each of the three representative enteric virus groups, enteroviruses, reoviruses
and adenoviruses, exhibited a unique pattern of adsorption and recovery
efficiencies, especially with electronegative Filterite filters.

The two enteroviruses, poliovirus and echovirus, behaved much alike, despite the
fact that the V239 strain of echovirus type 1 has been shown to adsorb poorly to
soils (Goyal and Gerba, 1979). Both viruses showed improved adsorption to
Filterite filters in the presence of the high suspended solids concentrations in
untreated raw water. Both were similarly influenced by adsorption interference
from soluble organics, and they showed similar improvements in adsorption and
recovery efficiencies with Filterite filters vhen MgCl. w a s added to the water.

Humic and fulvic acids, isolated from a surface water, were also found to reduce
the capability of three filtration conditions to adsorb and recover poliovirus.
However, the extent to which humic and fulvic acids reduced poliovirus adsorption
and recovery efficiency was different for each filter and filtration condition.

These results suggest differences in the ways humic and fulvic acids interact with
poliovirus and with the absorbent filters tested.

Because poliovirus recoveries from GAC-treated water and 3 mg/1 organic acid
samples were usually not significantly different, organic acid levels in tap water
are not likely to seriously impair enteric virus recoveries by microporous filter
methods.

The considerably lower poliovirus recovery from 10 and 30 mg/1 organic acid
samples compared to GAC-treated water suggests that organic acid levels in some
natural and waste waters can seriously reduce virus recoveries by microporous
filter methods.

Bentonite clay at a turbidity of 10 NTU in GAC-treated tap water enhanced
poliovirus retention by both electronegative and electropositive filters, but it
also decreased elution of the retained viruses. The net result of these effects
was reduced virus recovery under most conditions. However, reductions in virus
recovery due to bentonite turbidity were not always significant, and at least some
virus recovery (> 11%) was possible. The effects on virus recovery of other types
of suspended matter at various concentrations deserve investigation.

Although virus recovery efficiencies are certainly influenced by water quality,
significant interference with virus concentration methods employing microporous
filters seems to be limited to conditions of high soluble organics and suspended
solids loadings characteristic of untreated, raw surface water.

Further studies are needed to increase reovirus and adenovirus recovery
efficiencies using microporous filter methods, perhaps by the use of improved
elution procedures. Although both reovirus and adenovirus models were recovered
less efficiently than the two enterovirus models from all of the waters studied,
the results suggest that it should be possible to detect these former viruses in
contaminated raw and finished waters with current microporous filter methods,
albeit with lower efficiency.
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FACTORS CONTROLLING THE
SURVIVAL OF VIRUSES IN
GROUNDWATER

Marylynn V. Yates and Charles P. Gerba

Departments of Microbiology, and Nutrition and Food Science, University
of Arizona, Tucson, Arizona, 85721, U.S.A.

ABSTPACT

The purpose of this work was to define factors which control virus survival in
groundwater. Groundwater samples collected froni throughout, the United States were
inoculated with the coliphage MS-2 and the rate of virus inac.tivat.ion determined.
All samples were 'incubated at the temperature of the native groundwator. All sam-
ples were analyzed for pH, nitrates, ammonia, turbidity, total dissolved solids,
and calcium, magnesium and total hardness. Multiple regression analysis of the
chemical variates indicated that temperature and calcium hardness were significantly
correlated with the rate of virus die-off. Temperature alone account for 60% of the
variation in decay rate. Using all variates, 94% of the variation could be predict-
ed.

KEYWORDS

Groundwater; coliphage; virus survival; septic tanks; land treatment.

INTRODUCTION

Groundwater traditionally has been considered to be safe for consumption without
treatment. Currently, however, proundwater accounts for about 50% of the documen-
ted waterborne illness in the United States (Craun, 1979), Of these, over 65% have
probable viral etiology (Keswick and Gerba, 1980).

In most of the groundwater-borne disease outbreaks, underground migration of septic,
tank effluent was believed to be the probable cause. But, viruses may also find
their way into groundwater from the intentional land application of domestic sewage
for purposes of crop irrigation or jrroundwater recharge. Viruses also occur in
solid household domestic wastes because of the widespread use of disposable diapers
and, thus, find their way into landfills. Viruses have been detected in groundwater
beneath land application sites where sewage was being applied and near domestic land-
fill sites (Koswick and Gerba, 1980). Viruses were detected at depths as great as
46m and at distances as great, as 900m at. some sites. An understanding of factors
that control virus migration through the subsurface is necessary for the management
of septic tanks, landfills and wastewater land treatment systems.
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Viral contamination of groundwater is controlled by two major factors: migration
and survival. Virus migration is inhibited by adsorption to soil particles. This
adsorption is reversible, however; viruses have been shown to be desorbed during
periods of heavy rainfall both in the field (Weilings and co-workers, 1975) and in
laboratory simulations (Lance, Gerba and Melnick, 1976),

The survival of viruses in the subterranean environment is believed to be influ-
enced by three interacting factors: the type of soil, the nature of the virus,
and the clinate. The effect of soil type on virus survival has been extensively
studied by Hurst, Gerba. and Cech, 1980). Their results are presented in Table 1.

TABLE 1 Factors which affect virus survival in soil

1. As viral adsorption to soil increases, virus survival is prolonged.
2. Virus survival increases with increasing levels of exchangeable aluminium.
3. Virus survival decreases with increasing pH and resin-extractable phosphorus.
4. As temperature increases, virus survival decreases,
5. Aerobic soil microorganisms adversely affect virus survival, while anaerobic

microorganisms have no effect.

The surface charge (which influences adsorption to soil particles) varies among
different viruses* Differences in their protein coat determines differences in
susceptibility to denaturation by proteolytic enzymes, temperature, and chemicals.

Climate is also important in determining virus survival. Temperature has been
shown to influence virus persistence in surface water, both marine and fresh, as
well as in soils. In surface water, sunlight, is thought to be an important factor
in virus inactlvation.

Little is known about virus persistence in groundwater. Human enteric, viruses sur-
vived for more than 24 days in groundwater at temperatures of 3-15 C (Keswick and
colleagues, 1982). This experiment was done in a McFeter's survival chamber,
which could have excluded contact with components of the environment which may
have influenced virvis survival, such as antagonistic, bacteria.

The prediction of virus survival in groundwater can be used as an aid in determin-
ing the safe distances between septic tanks or wastewater land application sites
and areas where water is withdrawn for drinking purposes. This study used the
coliphage ffi-2, which is similar in size and structure to many enteric animal vi-
ruses, to identify factors which could be used to predict virus survival in ground-
water.

MATERIALS AND METHODS

Groundwater samples were collected from several different sites (Table 2) . The
temperature of the groundwater was measured at the time of collection. The samples
were collected aseptically in sterile polypropylene containers and packed on ice
for shipment to the laboratory.

The groundwater samples were analyzed for several chemical and physical parameters,
including pll, turbidity, nitrates, ammonia, total dissolved soi Ids (TDS) , and cal-
cium, magnesium, and total hirdness (Table 3). All measurements were made accord-
ing to standard methods (APHA, 1980; USEPA, 1974).

Bacterial virus MS-2 was inoculated into sterile, polypropylene tubes containing
50 ml of water. Duplicate tubes containing water filtered through 0.45 yim and 0.2
urn filters to remove microorganisms were also inoculated with virus. A set of tubes
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TABLE 2 Sample Collection Sites

Sample Temperature Site

Wisconsin
Ari zona
Tucson
Texas 1
Texas 2
California 1

California 2
New York 1
New York 2
North Carolina 1
North Carolina 2

12
23
23
13
13
18.S

17
12
12
14
1.4

domestic drinking water well, SO ft deep
drinking water well, 200 ft deep
monitor well, >200 ft deep
well in field receiving reclaimed water, 25 ft deep
well in field receiving reclaimed water, 23 ft deep
well receiving groundwater containing 10% reclaimed
water
negative control well
monitor well near landfill
monitor well near landfill
monitor well near septic system, deep aquifer
monitor well near septic system, shallow aquifer

TABLE 3 Chemical Analyses of Water Samples

Sample pH NH_ (mg/L) (mg/L) TDS (mg/L)

Wisconsin
Arizona
Tucson
Texas 1
Texas 2
California 1
California 2
New York 1
New York 2
North Carolina 1
North Carolina 2

8.0
8.2
8 . 1
8 .0
7 . 7
8 .0
8.1
6 . 0
7 . 3
7 .9
8 . 3

0.122
0.061
0.183
0.427
0.976
0. 366
0.061
0.366
0.122
0.366
0.732

11
8.8
8 .8
2 .2

28.6
13.2

4 . 4
2 .2
2.2

22
22

260
190

1100
850
950
235
200

37
145
430

95

TABLE 3 Chemical Analyses of Water Samples (continued)

Hardness (mg/L CaCOj)

Sample
Wisconsin
Arizona
Tucson
Texas 1
Texas 2
California 1
California 2
New York 1
New York 2
North Carolina 1
North Carolina 2

Turbidity f
(NTU)

0 . 2 8
0.65
0.65
0 . 8
1.2
0 . 5
0 . 6
0 .7
0.51
1.75
3 .5

Calcium
208

91.6
600
224
354
230
216

44
138
138
100

Magnesium
216

9.2
140
224
572

70
56
44
56
24

4

Total
424
100.8
740
448
926
300
272

88
194
162
104
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was incubated at the in s i t u groundwater temperature. For selected water samples,
tubes were incubated at two addi t ional temperatures. On days 1,2,3,5,7,10,15,20,
25,30,40,50 and 60; one-ml subsamples were withdrawn and assayed to determine the
number of viruses remaining. The assay was performed using the agar-overlay plaque
technique (Adams, 1959). One ml of E. col i ATCC 15597 and a one-ml subsample were
added to an overlay of 1% agar and t ryp t i ca se soy broth. The overlay was poured
onto a layer of t ryp t i case soy agar. The plaques were enumerated a f te r 24 houTS
of incubation at 37 C.

Survival data are expressed as the negative l ° g l n °f the survival r a t i o N/No or
C/Co, where N or C i s the or ig ina l number of viruses and N or C is the number of
viruses surviving a f t e r a given period of t ime.

RESULTS AND DISCUSSION

The presence or absence of microorganisms had an inconsistent, effect on the surviv-
al of MS-2 (Table 4 ) . More work needs to be done to more c lea r ly define the effect
of microorganisms on virus survival in groundwater.

TABLE 4 Effect of* Microorganisms on the Survival of MS-2

Sample

North Carolina 1
North Carolina 2
Ari zona
New York 1
Now York 2

Survival

Filtered

1.8
0.86
3.2
0.95
1.5

- Log N/N *

Non-filtered

0.84
3.5
1.6
1.0
0.97

* o
After 30 days, incubation temperature 12 C.

Incubation temperature played a major role in the survival of MS-2 in all ground-
water samples. Figures 1, 2 and 3 depict the decay rate of MS-2 in the Wisconsin
and Tucson groundwater samples at 4, 12 and 23 C, respectively. The decay rate in-
creased as incubation temperatures increased. The decay rate of the virus at ]2 C
in seven of the groundwater samples is shown in Fig. 4. There was a notable dif-
ference in the rate of decay among the samples.

Multiple regression analysis of the chemical and physical variates revealed that
temperature and calcium hardness were significantly correlated (p*0.05) with the
decay rate of MS-2 in all samples. Temperature alone accounted for 60% of the
variation in decay rate among samples. Using al] variates (pH, TDS, temperature,
turbidity, nitrates, ammonia, and hardness), 94% of the variation in decay rate
could be predicted.

The results presented here indicate that: 1) persistence of viruses in groundwater
varies with location of sample collection, 2) groundwater temperature and calcium
hardness are negatively correlated with MS-2 survival in groundwater, 3) tempera-
ture is the single most important predictor of MS-2 survival in groundwater, 4) in-
digenous groundwater microorganisms did not have a consistent effect on the surviv-
al of MS-2, and 5) MS-2 persists longer in groundwater than in surface water (Yates,
unpublished observations) ,
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ABSTRACT

Health concerns regarding waterborne transmission of enteric viruses began to
develop around 1940 In the United States (U.S.) with the isolation of poliovirus
from human feces and sewage- The implication of these Isolations for the trans-
mission of viral disease through contaminated drinking water stimulated research
on methodology for virus detection, recovery and assessment from water. Although
virus methods research is still an Important area of study, relatively sensitive
procedures became available during the past decade for recovering many enteric
virus types from large-volume samples of drinking water. Controversy surrounded
many of the early reported isolations of viruses from treated drinking water using
these procedures due to the suspicion of laboratory contamination. The occurrence
of viruses in drinking water treated by currently accepted procedures has still
not been proven by the U.S. experience although the likelihood may be gaining
support. However, a virus survey of 54 water supplies and extensive studies of
two water systems by the U.S. Environmental Protection Agency did not demonstrate
viral contamination of treated water derived from surface sources.

KEYWORDS

Water, viruses, water treatment, viruses and drinking water, virus survey.

INTRODUCTION

In 1913, the viral agent of poliomyelitis became the first enteric virus to be
detected In human stools in the United States (U.S.) (Sawyer, 1915). However,
public health research interest In this finding did not develop until the early
1940s. During this period additional studies using Intact rhesus monkeys as the
host system demonstrated viable poliovirus in raw domestic sewage (Paul and Trask,
1941). With the very vivid historical evidence that sewage contamination of
drinking water had resulted in major waterborne outbreaks of enteric bacterial di-
seases, it seemed reasonable that contaminated water was also a likely major
transmission route for poliomyelitis. Although this hypothesis was not accepted
by many In the public health field (Maxcy, 1943), it did provoke considerable in-
vestigation In the 1940s into the environmental stability of viruses and the ef-
fect of sewage and water treatment processes on their removal and inactivation-
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Virus detection and quantltation was significantly limited by the assay system
available at that time which was the production of disease in inoculated monkeys,
or mice with the subsequent development of mouse-adapted virus strains.

Epidemiologlcal evidence has been insufficient to convince most interested persons
that poliomyelitis was a drinking water problem in the U.S. Continued waterborne
virus health concerns have rather been stimulated by convincing epidemiological
evidence for waterborne hepatitis A outbreaks (Mosley, 1967) and the circumstan-
tial evidence that resulted from virus occurrence studies using the newly develop-
ed cell culture detection system. Some 100 viruses that produce a wide variety of
disease symptoms were isolated from human stool specimens (unfortunately, hepati-
tis A virus was not one of these) in a relatively short period of time around mid-
century, tt seemed likely that a water health problem could be associated with
these enteric viruses.

Environmental virology research was begun in a U.S. government laboratory in Cin-
cinnati in 1950 with a study to determine the chlorine sensitivity of coxsackle-
virus A2. The finding that this virus was significantly more resistant to free
chlorine lnactivation than coliform indicator bacteria provoked increased Interest
in the potential for drinking water virus transmission. Subsequent studies by
many investigators using cell culture assay systems and crude virus concentration
procedures detected human enteric viruses tn raw and treated sewage and waste-
water-impacted surface waters. The reported isolation of viruses from the drink-
ing water of Paris, France (Coin et_ a^., 1964) further stimulated interest in
water virology in the U.S.

REPORTED VIRUS ISOLATION FROM DRINKING WATER I! M.S.

The first reported finding of viruses in treated drinking vater in the U.S. occur-
red in 1970. The unpublished, though highly publicized, findings of a government
research team was the isolation of echovirus, poliovirus and reovirus from 7 of 64
samples of conventionally-treated (flocculated, sedimented, filtered and disinfec-
ted) water from the supplies of two Massachusetts communities (McDermott, 1974).
These findings were controversial due to the suspicion of laboratory error. A
subsequent, more tightly controlled study of 10 treated water supplies in three
geographical locations was conducted by the U.S. Environmental Protection Agency
(USEPA). One of 80 water samples yielded a poliovirus Isolate (Clarke et al.,
1975). Again, the positive finding was suspect due to the circumstances of the
isolation. The water was of excellent quality having no detectable turbidity or
coliform bacteria and a free chlorine residual of 1.0 mg/L. In addition, the sane
virus type was Isolated In the. laboratory a few days later from a negative control
cell culture.

In 1975, a rather extensive virus monitoring program was initiated for a conven-
tionally-treated water supply in Virginia. Over several months, 129 water sawples
of 380 liters each were concentrated and assayed for viruses. Five of these sam-
ples yielded poliovirus isolations. Again, the nature of these isolations provok-
ed concern for their authenticity (Akin and Jakubowski, 1976). However, clear
evidence of laboratory error was not found after extensive investigation (Metcalf,
1978; Hoehn and Randall, 1981). In Metcalf's (1978) report of this work, mention
is made of an additional drinking water Isolation of poliovirvis from three samples
of treated water from an unnamed major U.S. city. Turbidity, coliform and chlo-
rine residual were reported to be of acceptable values.

In addition to these reported isolations of virus from municipal water supplies
during routine monitoring programs, viruses have boen isolated on a few occasions
in association with waterborne outbreaks of disease. Hack et al. (1972) isolated
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poliovirus from a restaurant's untreated groundwater supply that had been Implica-
ted in cases of gastroenteritis. Poliovirus was not believed to be the etiologi-
cal agent, but its Isolation indicated the viral contamination of the water sup-
ply. Wellings e£ al̂ . (1975) recovered echovirus 22/23 from a chlorinated ground-
water supply that was Implicated In an extended outbreak of gastroenteritis in a
migrant worker camp. The same virus type was isolated from 6 of 23 stools examin-
ed which suggested a causal association.

In an effort to confirm the water source of viral disease outbreaks, the USEPA
supported a viral study of outbreak-associated drinking water supplies (Riggs and
Spath, 1983)- In this study, coxsacklevirus was isolated from a 380-liter con-
centrated sample of drinking water associated with a gastroenteritis outbreak on
an Indian reservation. The chlorinated (supposed) and filtered groundwater supply
was obtained from a wet well near a creek. Results of immune electron microscopy
of stool and sera specimens implicated a Norwalk-like virus as the etiological
agent. The coxsackievlrus isolation clearly indicated the viral contamination of
the water. Subsequent Investigation showed that the chlorinator had failed during
the outbreak period. On two other occasions, viruses were isolated from untreated
waters that were the source of drinking water recently associated with cases of
gastroenteritis.

In June, 1980, the largest U.S. outbreak of waterborne disease in recent times oc-
curred in a small Texas community. Eighty-one percent (8,000 persons) of the re-
sidents were believed to have had gastroenteritis as a result of consuming contam-
inated groundwater. An excess number of cases of hepatitis A was also associated
with ingestion of the water. Coxsackieviruses B2 and B3 were Isolated from sew-
age samples, untreated water from two of the wells serving the community and from
one tap water sample. Coxsackievirus may have had some etiological role in the
outbreak. However it is more likely that a Norwalk-like virus was responsible for
most of the gastroenteritis cases. There was also weak evidence of hepatitis A
viral antigen in one of the wells as determined by radiolmmunoassay (Hejkal et
al., 1982). ~

Virus Type
Polio,
Echo, Reo
Polio

Polio

Echo

Polio

Polio

Coxsackie

Coxsackie

TABLE 1 REPORTED
DRINKING WATER

Sample
Volume (L)

19

19

19 & 950

380

380

363-442

380

736-1848

No. Pos.
No. Taken

7/64

1/1

1/7

1/10

5/129

3/?

1/1

1/8

ISOLATIONS OF VIRUSES FROM
IN THE UNITED STATES

Water
Treatment
Complete*

Untreated

Complete

Chlorinated

Complete

Complete

Filteredt

Chlorinated

Location
Date

Mass.
1969-71
Michigan
1970
Mass.
1972-73
Florida
1975
Virginia
1975-76
Southern
State, 197?
California
1980
Texas
1980

Reference
McDermott
1974
Mack et al.
1972
Clarke et al.
1975
Wellings et al.
1975
Hoehn & Clifford
1981
Metcalf
1978
Riggs & Spath
1983
Hejkal et al.
1982

*Complete treatment includes flocculation, sedimentation, filtration and
disinfection
tChlorination was also practiced but not during the outbreak period
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A summary of eight reports of virus isolations from drinking water supplies In the
U.S. is given In Table 1. Poliovlrus was the sole virus type Isolated In most of
the routine monitoring studies. Only Coxsackie and echo viruses were isolated
from treated supplies associated with waterborne outbreaks of disease. The signi-
ficance of this observation is unclear and may only be an artifact of the small
number of positive findings. It Is interesting to note, however, that the polio-
virus isolations were primarily associated with the supplies that practiced com-
plete treatment and were the more controversial findings.

VIRUS SURVEY OF DRINKING WATER SUPPLIES

The availability of procedures and equipment for concentrating and recovering vi-
ruses from large volumes of water (Wallis et_ al_., 1972; Hill et̂  al_., 1974) plus
the development and evaluation of a standardized recovery method (Standard Meth-
ods, 1976; Hill £t.al_-, 1976) provided the essential technical prerequisites for a
virus survey of drinking water. The USEPA initiated such a survey in 1974 using
the recovery procedure published in the 14th edition of Standard Methods (1976).
This method provided options In the choice of a virus adsorbent. Millipore 293 mm
disc nitrocellulose filters were chosen as the virus adsorbent and glycine buffer
pll 11.5 was used as the eluant. Reconcentration of the 1 liter eluate was by re-
adsorption to 47 mm fiberglass-asbestos filters at low pH (3.5) and elutlon with
high pH (11.5) glycine. The final volume was 20 to 80 ml.

Shortly after the survey began, studies in our laboratory indicated that the fi-
berglass filter tube had advantages over the other optional adsorbents (Jakubow-
ski et̂  al_., 1975). It was used throughout the remainder of the study and the sam-
ple volume was increased from 380 to 1,900 liters. The only subsequent methodo-
logy change of significance was made late In the study and involved modification
of the elutlon and reconcentration step. The organic flocculation procedure of
Katzenelson et_ a]^., (1976), that was incorporated Into the Tentative Standard
Method of the"15th edition of Standard Methods (1981), was adopted since it had
been found to increase sensitivity over the glycine elution procedure, especially
for those enteric viruses adversely affected by the highly alkaline conditions,
I.e., adeno and reo viruses.

A major concern of the study was the prevention of sample contamination. The sus-
picion of such an occurrence had compromised the results of earlier reported virus
isolations from water. Since the goal of the virus recovery and assay procedures
was to maximize the detection of a single waterborne virion, the opportunity for
sample contamination had to be kept at an absolute minimum even though little ex-
perience and guidance was available to define the control conditions that would be
required. Our controls included aseptic technique and as "closed" a system as
possible In the field operation. The laboratory phase of sample processing was
conducted In a unique Isolation laboratory with workers wearing sugical masks and
gowns. Only drinking water samples were freeze stored, processed and assayed in
the isolation laboratory.

A quantal CPE assay method was chosen over the quantitative plaque assay procedure
because it was believed to be more sensitive for detecting the range of enteric
viruses that may be recovered. Initially, the 20 to 80 ml of sample concentrates
were inoculated In equal volumes onto monolayers of primary monkey kidney (PMK)
cells, primary human embryonic kidney (HEK) cells, and continuous cell lines of
monkey kidney (Vero) and porcine kidney. As with the concentration methodology,
the viral assay system also evolved as more data became available. The porcine
kidney cells were replaced with continuous African green monkey kidney cells (BGM)
with the reported greater sensitivity of this cell line for recovering viruses
from environmental samples (Dahllng et̂  a]^., 1974). A second change in the assay
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system involved the replacement of Vero cells with RD cells, a line developed
from a human rhabdomyosarcoma. It was reported to have a good spectrum for the
coxsackle A viruses, many of which had not previously been isolated in cell
culture. An extensive study of cell assay systems in our laboratory (Benton and
Ward, 1982), indicated that the combined cell cultures used in the survey were
sensitive as a group to the vast majority of the known enteric virus types. The
entire volume of each sample concentrate was distributed among these cell mono-
layers which were subsequently observed for CPE for 14 days. If no CPE appeared,
a suspension of the cells and medium was passaged to a second container of identi-
cal cells and observed for an additional 14 days.

Twenty-five positive control tests were run during the survey using large-volume
samples (usually 1,900 liters) of finished water from selected survey sites.
About 100 PFU of one of 10 enteric virus types was seeded under blind conditions
into samples subsequently processed and assayed according to the study protocol.
On 16 of 25 test runs, the seed virus was recovered in the inoculated cell cul-
tures. The seed viruses recovered (and frequency) were as follows: echoviruses
13 (1/1), 24 (1/1) and 27 (1/2); coxsackieviruses A-21 (1/1 with a seed titer of
1,000 PFU) and B-6 (1/2); adenovirus 15 (1/1) and poliovirus 1 (10/13). Viruses
used in runs that were unsuccessful in recovering the seed were as follows: echo-
viruses 18 (1/1) and 27 (1/2), coxsackievirus B-6 (1/2), reovirus 3 (2/2), adeno-
virus 13 (1/1) and poliovirus 1 (3/13).

The survey was terminated in September, 1978 with 199 samples collected from 54
water supplies in 11 states (Table 2). The initial samples were collected from
complete-treatment systems that used contaminated surface water as the source.
Later in the study, sites were added primarily in New England where disinfection
was the only treatment applied for producing drinking water.

TABLE 2 USEPA SURVEY OF COMMUNITY DRINKING WATER

Location (No.)
Ohio (5)
Illinois (1)
Indiana (3)
Pennsylvania (16)
Maryland (1)
Missouri (5)
Virginia (1)
West Virginia (6)
Kentucky (2)
Vermont (9)
Connecticut (5)

SUPPLIES FOR VIRUSES

No. Samples
Collected

22
11
51
22
2
46
8
21
2
9
5

1974-1978

Sample Vol. (1)
mean (range) Treatment*

1,069
1,771
1,490
880

1,330
1,787
380

1,535
1,258
1,565
568

*C - Complete treatment: clarification,
D » Disinfection only

(988-1,900)
(1,181-1,900)

(171-1,900)
(209-1,900)
(760-1,900)
(380-1,900)

(380-380)
(353-1,900)

(1,053-1,463)
(794-1,900)
(414-893)

C, D
C
C

C, D
C
C
C
C
D
D
D

filtration and disinfection

No viruses were isolated from any of the samples. This finding, of course, did
not prove that these water supplies were free of viruses. The limitations of the
methods used in recovering all viruses were well recognized. At very least, the
study showed that the control system had prevented virus contamination. At best,
the results provided a degree of confidence that treated drinking water was not
likely to be a major route of virus transmission.
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EXTENDED VIRUS STUDIES OF TREATED MUNICIPAL WATER SUPPLIES

Missouri Study

During the course of the USEPA survey, a municipal water supply was identified
that utilized a severely polluted surface source downstream of a major metropoli-
tan area. Primary and secondary-treated sewage was discharged from the city Into
the river. Fecal coliform counts at the plant intake were higher than at any sur-
vey location we had tested with a geometric mean of 6,000/100 ml and a range of
2,300 to 16,000 colonies for the 12 days that samples had been collected. As a
component of a more extensive USEPA funded study (O'Connor et_ al_., 1982), the
virus quality of the source and finished waters associated with the municipal
water treatment plant was determined. Treatment for this supply was provided by
an old but well-operated plant that applied full conventional treatment. The
intake water and the finished water at this site were tested for viruses periodi-
cally over several months. Source and finished water sample volumes were 190 to
380 liters and 1,900 liters, respectively. A subcontractor collected and proces-
sed all samples, assayed the source water samples at Its laboratory, and shipped
the finished water samples to the USEPA laboratory for viral assessment.

The virus recovery process used was the low-pH adsorption, high-pH elutlon proce-
dure described In the 14th edition of Standard Methods (1976). The virus adsor-
bent was a yarn-wound fiberglass depth filter (K-27, Carborundum Co.) in sequence
with 1.0 and 0.45 ym porosity epoxy-fiberglass-asbestos plate filters (Cox Instru-
ments Co.). In order to process the desired water volume through the adsorbing
filters, the source water required clarification. This was accomplished by pre-
filtration using a 3 to 5 ym porosity cartridge-type depth filter.

In order to enhance virus adsorption, water samples were conditioned by lowering
the pH to 3.5 and adding a polyvalent cation (0.5 mM aluminum chloride). For the
source water samples, this conditioning was conducted on the prefiltered water.
The prefilter was eluted and assayed for viruses separately to determine the pro-
portion of debris-associated viruses. The one liter glycine eluate obtained from
each sample was further concentrated by an aluminum hydroxide flocculation proce-
dure. Viruses in the eluate that were adsorbed and entrapped In the floe formed
in situ were subsequently eluted in a smaller volume of glycine solution at pH
9.5. The contract laboratory assayed the source sample concentrates on PMK and
BGM cells by the plaque technique. Plaques were picked and passaged to fresh cell
monolayers to confirm viral etiology. Identification of the Isolates was attemp-
ted using Lim-Benyesh-Melnick enterovirus sera pools.

A total of 545 viral isolates was made from 216 samples collected over 54 weeks.
Fifty-three of these were recovered from the prefilter eluates. Of the 462 (85%)
identified isolates, 81% was found to be polioviruses with coxsackieviruses and
echoviruses a distant second and third at 13% and 6%, respectively. An average of
2.5 viral plaque-forming units (PFU) per sample was recovered from the source
water. Peak recoveries generally occurred in the winter and spring months with
averages of 5 to 10/PFU per 380-llter sample. The number of virus isolates was
surprisingly low and is believed to reflect the difficulty In recovering viruses
from polluted and turbid surface waters rather than representing the extent of the
virus challenge to this water treatment system.

The concentrated 1,900-liter finished water samples were shipped on dry ice to the
USEPA laboratory in Cincinnati. Upon receipt they were logged in and maintained
at -70°C until assayed. The viral assays were performed In the special Isolation
laboratory and under the conditions used in the virus survey. Samples were assay-
ed by the CPE procedure. The entire concentrate was placed on monolayers of BGM,
RD, PMK and HEK cells and observed for 14 days. FIve-ml portions of frozen-and-
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thawed cells and media were passaged to fresh monolayer of identical cell types
and observed for a second 14-day period before determining a sample to be negative
for virus.

During the period December, 1976 to March, 1978, a total of 65 weekly samples of
finished water was collected and assayed. Eight of these samples were toxic to
the cell culture within 48 hours and one Inoculated sample produced significant
fungal growth. The toxic samples were frozen and thawed and 5 ml passaged to
fresh cells without further manifestation of toxicity. The contaminated sample
was filtered and passaged without further fungal problems. All other sample con-
centrates were assayed without difficulty. None of the 65 finished water samples
yielded virus isolations in the four cell types in either passage.

Michigan Study

The most recent USEPA virus study of a drinking water supply was stimulated by
concern over potential health effects resulting from reaction products of disin-
fection. The production of trihaloTnethanes (THMs) by chlorine reacting with or-
ganic constituents in source waters had discouraged the practice of pre-disinfec-
tion. A current treatment trend is to place the disinfection step later in the
process after the THM-precursor chemicals in the water have been reduced by sedi-
mentation. The practice reduces the water-disinfectant contact time and could
perhaps compromise the viral quality of the finished water.

A municipal water treatment plant was identified that utilized a contaminated sur-
face water source. Viral analysis of the surface stream prior to the study indi-
cated significant viral contamination. Plant authorities agreed to modify the
disinfectant application to a point after filtration to accomodate objectives of
a virus study. A 13-month study was initiated at this site in May, 1981 and a
complete report of the findings will soon be published (Stetler et̂  a K , 1984).

Samples were collected three times per month at four sites within the water treat-
ment plant: intake, post-sedimentation, post-sand filtration and finished. At-
tempts were made to collect 380-liter samples at the first two sites and 1,900-
liter samples at the last two sites. Reduced volumes were obtained from the first
two sites on occasions due to clogging of the filters. Samples were collected by
the method outlined in the 15th edition of Standard Methods (1981). The virus ad-
sorbent was a single 17.8 cm long borosilicate glass microfiber-epoxy resin filter
tube having a nominal porosity of 8.0 ym (Balston, Inc.). Prior to collection of
the sample, the water pH was adjusted to 3*5 to enhance virus adsorption to the
filter. Virus elution was by a single pass of 1,100 ml of 1% beef extract (pH
9.5) through the filter tube- The eluates were concentated further by the organic
flocculation procedure.

Sample concentrates from the source water, post-sedimentation and post-filtration
steps in the treatment process were assayed by the plaque technique on BGM cells.
In an effort to maximize virus detection in finished water samples, the CPE proce-
dure and four cell culture lines (BGM, HEL-299, L-132 and RD) grown in media con-
taining 5-iododeoxyuridine were used to assay these samples (Benton and Ward,
1982). The entire volumes of the finished water concentrates were examined in
this manner. As a test of the efficiency of the recovery procedure, 380-L samples
of dechlorinated finished water were seeded with about 100 PFU of either polio-
virus 1, coxsackievirus B3 or echovirus 7. The samples were concentrated by the
study procedures and assayed by the plaque technique on BGM cells- Virus recover-
ies from 10 tests conducted over the study period ranged from 14-84% with an over-
all average recovery of 38% for all three viruses.

Viruses were readily recovered from the source water with peak numbers occurring
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In the fall and winter. Of the 365 isolates Identified using the Lim-Benyesh-
Melnick enterovirus seta pools, 52%, 25% and 23% were determined to be echovirus,
coxsackievirus and poliovirus, respectively. The highest numbers were isolated
in February (average of two samples was 316 PFU) and the lowest numbers In May
(average of three samples was 2 PFU). The 13-month average numbers per 380-liter
sample from the intake, post-sedimentation and post-filtration sampling points
W r e 47, 18 and 4, respectively. It was somewhat surprising to us to have isolat-
ed viruses from 17 of 36 post-filtration samples. Adequate chlorlnation down-
stream of the finished water sampling point clearly was shown to be essential in
producing a virologically acceptable water. No viruses were isolated from the 36
finished water samples. It should be stated that the finished water with a pH
below 8.0 and a turbidity below 1.0 NTU had been dosed with between 5-7 mg/L of
chlorine and stored in a reservoir for at least 16 hours when these samples were
taken.

A summary of the studies at the Missouri and Michigan water treatment plants is
shown in Table 3. Considerably more viruses were isolated from the Michigan
source water. The use of an improved virus recovery method may have been an im-
portant factor since both source waters were clearly polluted with sewage. The
turbidity of the Missouri source water consistently exceeded 40 NTU and often ex-
ceeded 1,000 JTU (the Jackson candle method was used for turbidity >40 NTU). This
degree of suspended matter, never seen in the Michigan study, could have signifi-
cantly Interfered with virus recovery. It should be stated that in neither study
were coliform indicator levels indicative of virus occurrence. In fact, a nega-
tive correlation was observed suggesting that coliform determinations may not pre-
dict the presence/absence or degree of viral contamination of a water system. The
negative correlation is difficult to interpret. However, the failure of the coli-
form indicator system for viral contaminants has been a general observation. It
is Interesting to note that even though enterovirus fecal shedding is known to
peak in late summer to early fall, both studies produced the highest number of Is-
olations from the source water during the winter months. This finding probably
reflects better survival of the viruses and reduced sewage treatment efficiency of
upstream plants at the lower winter temperatures. Regardless of the poor source
water at both plant Intakes, the finished water consistently met federal coliform
and turbidity standards. Post-filtration chlorine residual was relied upon at
both plants to produce a microblologically-acceptable water. Using more rigorous
virus detection procedures than were applied to the samples from other sites, vi-
ruses were not isolated from the finished water of either plant.

TABLE 3 SUMMARY OF VIRUS STUDIES OF CONVENTIONALLY-TREATED DRINKING
WATER

Study
Site

Missouri

Michigan

DERIVED FROM

Virus
Method*
TSM,14th

TSM,15th

POLLUTED SURFACE SOURCES

Source Water
Assay
System**
BGM
PMK
BGM

PFU/380 L
Mean High
2.5 24

47 316

AT TREATMENT PLANTS IN TWO STATES

Finished Water
Assay
System**

BGM, PMK
HEK, RD
BGM, L-132
HEL-199, RD

# of
Samples

65

36

Virus (CPE)
per 1900 L

None

None

*Tentative Standard Method in 14 or 15th edition of Standard Methods
**BGM - African green monkey kidney (Buffalo); PMK • primary African green
monkey kidney; HEK = primary human embryonic kidney; RD - human rhabdomyosar-
coma; L-132 and HEL-299 - lines of human embryonic lung cells

CONCLUSION

Human enteric viruses clearly occur in drinking water in the U.S. Surveillance
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and investigation of waterborne outbreaks and related clinical findings have es-
tablished a viral etiology for hepatitis and gastroenteritis (Craun, 1981). In
the past five years (1978-82) the annual number of reported outbreaks has ranged
from 32 to 50 with viruses known to be responsible for around 10% of the out-
breaks • An etiological agent was not identified in about half the gastroenteritis
outbreaks. A recent review of clinical data suggests that perhaps 23% of these
were due to Norwalk-like viruses (Kaplan e£ al_., 1982).

Gamble (1979) accurately pointed out that these outbreaks are typically associated
with water supplies that fail to meet accepted sanitary or treatment standards.
He also addressed perhaps a more significant waterborne health issue, the low-
level transmission theory. Unfortunately, Gamble based his conclusion on the oc-
currence of waterborne diseases produced by picornaviruses. This group of vi-
ruses, although readily isolated from sewage-polluted waters, has never been shown
epidemiologically to have waterborne health significance, with the notable excep-
tion of hepatitis A. Perhaps a high frequency of asymptomatic infections, a di-
verse symptomatology and considerable person-to-person transmission has obscured
a drinking water transmission role for these agents. In addition, the fecally-
shed members of the picornavirus group (enteroviruses) are primarily infectious
agents of childhood.

The Norwalk-like agents of gastroenteritis appear to be more likely candidates for
low-level drinking water transmission of viral disease. They produce explosive
disease in all age groups and appear to be environmentally stable and readily pre-
sent in municipal sewage. Also, acute gastroenteritis is the second most common
illness affecting the U.S. population (USDHEW, 1977). However, two major limita-
tions hinder a full evaluation of the significance of their waterborne transmis-
sion. The true occurrence of gastroenteritis is difficult to determine since
there is no requirement to report cases to health authorities and medical treat-
ment is often not sought. This greatly hinders an epidemiological approach. A
virological approach is also hindered since neither non-human hosts nor in vitro
culture systems for studying the agents is available.

Two health-related questions have remained basically unanswered since enteric
viruses were first isolated from water systems: (1) are viruses frequently trans-
mitted through treated drinking water and if so, (2) what is the health signifi-
cance of low-level transmission? The second question cannot be adequately addres-
sed perhaps until sufficient laboratory methods and epidemiological approaches are
available for those viruses known to be waterborne, i.e., hepatitis A and the gas-
troenteritis agents. The first question should continue to be addressed by the
study of enteroviruses since, as a group, they probably represent the best surro-
gate for the known waterborne viral pathogens. Their behavior in the water en-
vironment and in treatment systems can be assumed to reasonably mimic hepatitis A
and the gastroenteritis viral agents.

This report has addressed the first question in regard to virus occurrence in the
U.S. It appears from the very limited data available that viruses probably do not
frequently occur in treated drinking water at detectable levels. However, it
seems clear from the Michigan study that "adequate" disinfection is essential in
preventing virus transmission. In the U.S., 0.5 mg/L of free residual chlorine
for 30 minutes at a pH <8.0 has traditionally been assumed to be adequate. The
Michigan study was not helpful in evaluating this conventional wisdom. Even though
the disinfection step was challenged by naturally-occurring viruses that had pene-
trated other treatment steps, the chlorine dose and contact time far exceeded the
stated acceptable level.

Adequate disinfection may be perceived as an equivocal term in light of recent vi-
rus occurrence data. The positive virus findings reported herein from disinfected



698 E.W. AKIN

water and those that received complete treatment, though controversial in part,
are disconcerting. Of perhaps more concern are the findings of Payment (personal
communication) in Canada and Keswick et_ a^. (1984) in Mexico of consistent virus
isolations from conventionally-treated finished water. Now that rather sensitive
virus recovery methods are available, more occurrence studies would seem to be
justified. Critical studies of treatment systems that allow virus penetration are
needed to determine the cause of treatment failure.

Data generated by occurrence studies with the enterovirus and other culturable
enteric viruses will help address the critical health question regarding low-level
virus transmission through drinking water. When practical laboratory tools be-
come available to study the true waterborne viral pathogens, these data will help
to focus epidemiologlcal studies and other research efforts on water systems that
allow virus penetration and on the resulting exposed populations.
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ABSTRACT

The stability of natural particles in a lake water is determined and effects of
solution characteristics on particle stability are examined. Model simulations of
the effects of particle stability, solid-solute partitioning, and hydraulic loading
on the transport and fate of particles and associated pollutants and nutrients are
presented.
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INTRODUCTION

Lakes contain solid particles. Contacts between these particles can occur by
physical processes. Under certain chemical conditions, these contacts result in
attachment of the colliding particles to form aggregates. This process of aggre-
gation is called coagulation in this paper. It may have effects on the fate of
particle-reactive pollutants in natural waters. Coagulation has physical and chem-
ical aspects; the focus here is on chemical factors affecting particle stability in
lakes.

The purposes of the research presented in this paper are (1) to measure the stabil-
ity of particles in a lake, (2) to investigate the effects of solution characteris-
tics on particle stability in lacustrine systems, and (3) to consider the signifi-
cance of particle stability on the transport of particle-reactive pollutants in
lakes.

It is customary and convenient to describe the stability of particles in an aqueous
suspension by a sticking or stability factor, a, defined as follows:

interparticle attachment rate
interparticle collision rate

The sticking factor is thus the ratio of collisions producing aggregates to the
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total number of collisions that occur by physical processes. For a perfectly
stable suspension, all collisions are unsuccessful and a = 0. For a completely de-
stabilized suspension, all collisions produce aggregation and a = 1.

The sticking factor can be estimated on theoretical grounds. Fuchs has defined a
stability ratio, W, that is a function of the interaction energy between charged
particles and which can be calculated for some colloids (Overbeek, 1952). The
sticking factor used in this research is equivalent to the reciprocal of Fuchs'
stability ratio; i.e., a = W"'1. Stumm and Morgan (1981) present calculations indi-
cating that a is in the order of 10"6 i n fresh waters. This indicates that only
one collision in every million that occur will produce an aggregate. Limited ex-
perimental measurements suggest larger values; these are discussed subsequently.

PREVIOUS INVESTIGATIONS

Studies of coagulation in lakes are sparse. Perhaps the first comprehensive quan-
titative evaluation of the process was done by Hahn and Stumm (1970), and demon-
strated the efficacy of applying principles of colloid chemistry in describing the
composition of natural waters and underlying sediments. This quantitative approach
has been extended and applied to lakes by O'Melia and Bowman (1984) and by O'Melia
and colleagues (1984). In these recent works a lake is divided into vertical boxes
denoted as I, J, K, L, . .. etc. Normally three boxes are used, corresponding to the
epilimnion, thermocline, and hypolimnion. All particles in the lake are divided
into size compartments denoted as i, j, k, l,...etc; twenty-five size compartments
are usually used. A general equation may be written for particles of any size in
any location. For example, for particles of size k in box I:

(2)

% qT
n. ,± W. T + — n. • n, .
k,I k,I z k,o zT k,I

Mere n^ j denotes the number concentration of particles of size k in lake compart-
ment 1; a is the sticking factor reflecting the surface chemistry of the system;
X(i,j) denotes a collision frequency function that depends on physical modes of in-
terparticle contact; wfc H ^S t n e settling velocity of particles of size k located
directly above box I; zi is the depth of box I; Wk,I is the rate of production or
destruction of particles of size k in box I; qo and qj are the areal hydraulic load-
ings into and out of compartment I; and n^ o 1 S ^ e number concentration of par-
ticles of size k in the water flowing into compartment I.

The left side of Equation 2 describes the rate at which the number concentration of
particles of size k and location I changes with time (particles/m3s). The first
term on the right side expresses the rate of formation of particles of size k (or
volume vfc)from smaller particles having the total volume v^. The condition i+j-*-k
under the summation denotes the condition that vi+Vj=vfc. The factor 5 is needed
since collisions are counted twice in this summation. The second term describes
the loss of particles of size k by growth to form larger aggregates; this occurs
when a size k particle collides with and attaches to a particle of any size i. These
terms are taken from the early work of Smoluchowski (1917).

The third term on the right side of Equation 2 describes the addition of particles
of size k to box I by settling from above (box H) . The fourth term expresses the
loss of size k particles from box I by settling into box J below. For the bottom
box, this corresponds to removal of particles from the lake. W^i is described
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previously. The sixth and seventh terms on the right side describe the input and
output of the size k particles by hydraulic inflow and discharge.

Contacts between particles in water can occur by three different physical processes,
viz., Brownian diffusion (thermal effects), fluid shear (flow effects), and by dif-
ferential sedimentation (gravity effects). These transport processes have been
studied by many investigators including Smoluchowski (1917) and Friedlander (1977)
and are discussed in more detail elsewhere (O'Melia, 1980). The collision frequency
functions or rate coefficients for these processes are as follows:

Brownian Diffusion A(i,j)D = ~ • ^ . d
 J- - (3a)

2kT

3U
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Fluid Shear A(i,j) = — ^ - g — 1 — G (3b)

DS (pn " P) 3 .
Differential Settling A(i,j)1 = • ^~ • (di + d.) •|^ - d.| (3c)

Here A(i,j) , A(i,j) , and A(i,j) are biomolecular rate coefficients for inter-
particle collisions between particles of diameters d± and dj by Brownian diffusion,
fluid shear, and differential sedimentation, respectively; k is Boltzmann's con-
stant; T is the absolute temperature; y is the water viscosity; G is the mean veloc-
ity gradient in the water; g is the gravity acceleration; and pp and p are the dens-
ities of the solid particles and the water, respectively. These rate coefficients
are used additively to determine A(i,j)I in Equation 2.

The settling velocity of a particle in this model is assumed to follow Stokes1 equa-

tion as follows:

(Pp " P)S 2

The results of these modelling studies (O'Melia and Bowman, 1984; O'Melia and col-
leagues, 1984) indicate that coagulation and sedimentation are sufficiently rapid
and extensive to affect water quality in lakes significantly. These processes can
increase particle deposition to bottom sediments and alter the mass, surface area,
and number concentrations of particles in the water column. Coagulation and sedi-
mentation may also affect the transport and fate of many pollutants and nutrients.
The results are particularly sensitive to areal hydraulic loading (q), particle
stability (a), and solid-solute partitioning (characterized subsequently in this
paper by the partition coefficient, Kp, in L/g). The center of interest of the re-
sults presented subsequently is particle stability as represented by a.

Estimates of a have been made in several laboratories using various particles and
solutions. These estimates are made using a laboratory reactor within which the
physical interparticle contact rate can be controlled. When a suspension of par-
ticles having a uniform size at the onset of aggregation is allowed to coagulate,
the denominator in Equation 1 can be described by analytical equations for contacts
by fluid shear (termed orthokinetic flocculation) and by Brownian diffusion (peri-
kinetic flocculation). The numerator in Equation 1 is then determined experiment-
ally by following the decrease in particle concentration with time. The sticking
factor, a, is calculated from the ratio of the measured changes in particle concen-
tration to calculated contact rates for the laboratory reactor used.

Some experimental estimates of a by other investigators are summarized in Table 1.
Various solutions and solids have been studied. The range of a for all of these
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studies is considerable, about two orders of magnitude, from 10~z to 1. Neverthe-
less, all observations are substantially larger than the theoretical estimate by
Stumm and Morgan (1981) of 10"6 for fresh water. The studies also indicate that
colloid stability is affected by Ca2+ and by natural organic substances such as
fulvic acids. Calcium ions destabilize colloids (increase a) and humic substances
stabilize them (decrease a) (Osman-Sigg, 1982; Tipping and Hlggins, 1982; Gibbs,
1983).

TABLE 1 Previous Determinations of a

Coagulant

NaCl

NaCl

NaCl

Al(III)
Al(III)

NaCl
Synthetic sea water
Synthetic sea water

Ca 2 +

Filtered lake water

Ca + and humic
substances

NaCl
NaCl

Colloid

Polystyrene
latex

Polystyrene
latex

Polystyrene
latex

Silica
Silica

Clays
Clays
Estuarine
Sediments

AI2O3
A12O3

Hematite

Sediments
Sediments
with organ-
ics removed

Transport

Shear

Brownian

Shear

Shear
Brownian

Shear
Shear
Shear

Shear
Shear

Brownian

Shear
Shear

a

0.364

0.375

0.344-0.448

0.011
0.01

0.012-0.12
0.02-0.15
0.05-0.22

0.01-0.063
0.086

0.01 to 1
(estimated)

0.077-0.69
0.145-0.82

Investigator

Swift and
Friedlander

(1964)

Birkner and Morgan
(1968)

Hahn and Stumm
(1968)

Edzwald, Upchurch,
and O'Melia (1974)

Osman-Sigg (1982)

Tipping and Higgins
(1982)

Gibbs (1983)

EXPERIMENTAL METHODS

Estimations of a were made for particles in the surface waters of a reservoir.
Samples from the Loch Raven Reservoir (Maryland, U.S.A.) were collected in plastic
containers and transported to the laboratory for flocculation studies. All samples
were taken from the epilimnion in the center of the reservoir from a depth of 1 to
3 meters. Occasionally the number concentration of the particles in the lake water
was very low and so the samples were concentrated by centrifuging at 10,000 rpm.
The solids were then resuspended in lake water and sonicated before using in the
flocculation studies. All the samples were prefiltered to remove particles larger
than 12 ym in size.

Flocculation studies were conducted in the laboratory in a stirred-tank type reactor.
A torque meter was coupled between the stirring motor and the stirring shaft so that
the power input to the reactor could be determined by the direct measurements of the
torque on the paddle shaft. The velocity gradient, G, was calculated using the fol-
lowing equation:
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Here T is the torque, w is the rotational speed, and V is the volume of sample used
in the reactor. Typically, a G of 50 s~l was used.

The changes in the number of particles during the kinetic experiments were deter-
mined using an electronic particle counter developed by Particle Data, Inc. Par-
ticle size distributions were generated using 128 channels of the instrument and a
30 um orifice size. The particles were then sorted into size classes at intervals
of 0.1 log diameter for making calculations of a.

The computations for a were done using the equation of flocculation for heterogene-
ous suspensions. In discrete form the result is equivalent to Equation 2 consider-
ing only one box and using only the flocculation terms:

dn, ™
-j£ = a[l [ X(i,j)n.-n - n J ( i k ) ] (6)
d t i+j=k

 1 J K Ki=l

The collision frequency functions for Brownian diffusion, fluid shear and differen-
tial settling were calculated with Equations 3a, b, and c, respectively. Equation
6 was then solved numerically using the measured size distribution at time zero as
the initial boundary condition and the number of particles over time was calculated
by varying a systematically. The value of a was then selected such that the ob-
served and the calculated results were in close agreement. Results of a typical
calculation are shown in Fig. 1.

CALCULATED
OBSERVED O

2 4 6

TIME (hours)
8

Fig. 1. Determination of a. Comparison of observed
particle concentrations with calculations
using a = 0.035. G = 50 s"-1

The effects of calcium ions and fulvic acid on the stability of natural particles
were evaluated using reservoir sediments. Samples were collected from surface sedi-
ments near the inlet of the Loch Raven Reservoir. These sediments were suspended
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in distilled water, sonicated, and settled to remove particles larger than about
10 \im in size. Particle concentrations in these stock suspensions were 550 to 750
ppm by volume.

In determining the effects of calcium on particle stability, aliquots of a stock
suspension were mixed with appropriate quantities of NaCl and CaCl2 to provide an
ionic strength of 0.01. NaHC03 (10"3 M) was added to buffer the pH at 8.1, raising
the ionic strength to 0.011. The concentration of calcium was varied from 0 to
3.33x 10~3 M. Particle concentrations in these experiments were 11 to 15 ppm by
volume, about 2 x 10^ particles/cm . Similar procedures were used in evaluating
the effects of fulvic acid on a. Ionic strength was about 0.011 using NaCl and
NaHCOj, and pH was buffered at 8,1. The concentration of fulvic acid was varied
from 0 to 20 mg TOC/L using an aquatic fulvic acid isolated from the Great Dismal
Swamp, Virginia, U.S.A. (FA 1, Dempsey, Ganho, and O'Melia, 1984). In both sets of
experiments, particles from the stock suspension were added to distilled water, and
then appropriate quantities of salts and fulvic acid were added within five minutes.

In a third set of experiments, the concurrent effects of calcium and fulvic acid
were studied. The concentration of fulvic acid was maintained constant at 5 mg
TOC/L; calcium was varied from 0 to 3.33 x 10~3 M. In these experiments, inorganic
salts and fulvic acid were mixed together for 20 minutes, after which particles
from a stock sediment suspension were added. Ionic strength (0.011, pH (8.1) and)
particle concentration (11 to 15 ppm by volume) were maintained as in other tests.

Suspensionswere stirred in the laboratory flocculator. Particle concentrations
were measured over time and a was calculated by trial and error comparison of cal-
culations using Equation 6 with measurements using the electronic particle counter.

RESULTS

Determinations of a for particles in the surface waters of the Loch Raven Reservoir
during the summer and fall of 1983 are presented in Table 2. The waters of the
reservoir are low in calcium (5 x 10"** M) and organic carbon (2 mg/L) . There is
considerable variation, with a ranging from 0.01 to 0.08. The causes are not es-
tablished; speculations include variation in biological production during June and
July, and the oxidation of iron(II) to iron(III) as anoxic hypolimnetic waters are
mixed during the fall overturn late in November. In all cases, however, a is con-
siderably larger than theoretical estimates; from one to eight contacts in every
hundred collisions are expected to result in an aggregate.

TABLE 2 Determinations of ot for the Loch Raven Reservoir

Date a

8 June, 1983 0.01
22 June, 1983 0.08
6 July, 1983 0.01
20 July, 1983 0.04
3 August, 1983 0.04
17 August, 1983 0.035
15 September, 1983 0.04
16 October, 1983 0.028
7 November, 1983 0.026

21 November, 1983 0.052
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Results of experiments to examine the effects of calcium on the stability of
natural particles are presented in Fig. 2. In the absence of fulvic acid, a ranged
from 0.03S to 0.2 as the added calcium increased from 0 to 10~3 M. Further in-
crease of calcium to 3.3 x 1(T3 M (not shown) increased a to 0.39.

in
0.2 0.4 0.6 0.8 1.0
CALCIUM ADDED (MxICT3)

1.2

Fig 2. Effects of calcium alone and of calcium and fulvic acid
in combination on colloidal stability (a).

Experimental results when fulvic acid was added in the absence of calcium are shown
in Fig. 3. The sticking factor was reduced from 0.035 to 0.006 as added fulvic acid
was increased from 0 to 20 mg TOC/L. Most of this decrease occurred at a fulvic
acid addition of S mg/L.

Effects of the simultaneous presence of calcium and fulvic acid on particle stabil-
ity are indicated in Fig. 2. Added calcium was varied from 10~4 to 10'3 M while
fulvic acid was maintained at 5 mg TOC/L. The sticking factor increased from
0.025 to 0.058 as added calcium increased. Further increase of calcium to 3.3 x
10~3 M (not shown) increased a to 0.23.

DISCUSSION

The experimental results for the sticking factor of particles in the I.och Raven
Reservoir (Table 2) and for the effects of calcium and fulvic acid on natural par-
ticles (Figs. 2 and 3) confirm two perceptions. First, natural particles in fresh
natural waters can be rather unstable from a colloid chemical point of view. Their
stability (or lack of it) is comparable to the coagulation of silica suspensions by
Al(III), for which a is in the order of 0.01 (Table 1, results of Hahn and Stumm,
1968). Second, the stability of natural particles depends upon the concentration
of calcium ions and natural organic matter such as fulvic acid. These substances
are ubiquitous in surface waters. Their concentrations vary widely among various
natural aquatic systems, so that a may also be expected to vary significantly in



708 W. ALI, C.R. O'MELIA and J.K. EDZWALD

0 5 10 15 20

FULVIC ACID ADDED (mgTOC/L)

Fig. 3. Effects of fulvic acid on colloidal stability (a).

natural waters. Hard waters low in organic matter (e.g., Lakes Ontario and Zurich)
may be expected to contain unstable particles, be efficient coagulation basins, and
effective traps for particles, pollutants, and nutrients. Soft waters that are
high in dissolved organic matter (such as many reservoirs in southeastern U.S.A.)
may be expected to contain stable particles and be less effective traps for sedi-
ments, pollutants, and nutrients. The waters of the Loch Raven Reservoir studied
in this research are low in both calcium and organic matter and may represent an
intermediate case.

The model for coagulation and sedimentation expressed in Equation 2 can be used to
examine the effects of colloid stability on water quality in lakes. Some results
of model simulations are presented in Fig. 4. These are calculations for a lake
similar to Lake Zurich in morphometry, productivity, and river flow. Details of
hypotheses and methods are presented elsewhere (O'Melia and Bowman, 1984; O'Melia
and colleagues, 1984). Important assumptions include z = 65 m, W = 3.6 g/m^.d in
the epilimnion, and q = 10"^ m/s. Particles produced or entering the epiliminetic
waters vary in size from 0.3 to 30 \m.

These predictions indicate that the effects of coagulation on particle deposition
in lakes can be substantial, with removal increasing from 38 percent to 92.2 per-
cent as a is varied from 0 to 0.05 in this model lake. Sedimentation alone removes
38 percent of the particles (a = 0, no coagulation). As a is increased to 10'3,
deposition increases sharply to 64 percent. For the range 0.01 <. a <_ 0.05, repre-
sentative of observations in the Loch Raven Reservoir (Table 2), coagulation effects
are very significant and particle deposition varies from 84 to 92.2 percent. Since
solution characteristics vary widely among fresh surface waters, it can be antici-
pated that a, coagulation, and deposition will vary accordingly in lacustrine
systems.



Colloidal stability of particles in lakes 709

100

0 0.0 f 0.02 0.03 0.04

S T I C K I N G F A C T O R ( a )

0.05

Fig. 4. Predicted particle deposition as a function of ,
colloidal stability (a) for a lake with q = 10" a/s.

Many pollutants that affect human health or environmental quality are associated
with participate materials. This association is often described by a partition co-
efficient, Kpj defined as follows:

Concentration of substance in the solid phase (mass/mass)
p ~ Concentration of substance in the aqueous phase (mass/volume) (7)

Typical units are L/g, with the mass of the solid phase expressed on a dry weight
basis.

Predicted effects of solid-solution partitioning on the transport of pollutants are
presented in Figure 5. Mass removals of particle-reactive substances are plotted
as a function of areal hydraulic loading (q) for substances having partition coef-
ficients ranging from 0.1 to 10^ L/g. Important assumptions include W = 3.6 g/m2«d
and a = 0.01.

For many synthetic organic substances, Kp can be estimated from a knowledge of the
octanol-water partition coefficient of the solute (Kow) and the organic carbon
fraction of the solid phase (e.g., Schwarzenbach and Westall, 1981). Assuming that
particles in the model lake contain 7 percent organic carbon, estimated values of
Kp for 1,4 dichlorobenzene and 2,4,5,2,'4j5,' PCB are 0.06 and 15 L/g respectively.
A basis for predicting Kp for metals and natural particles has not been firmly es-
tablished at present; estimates have been made from field measurements. For example,
Sigg and colleagues (1982) estimate values of Kp ranging from 36 L/g (Cu) to 1300
L/g (Fe) in Lake Constance.

Lakes vary widely in their hydraulic loadings. For the Great Salt Lake and the
ocean, q = 0; for Lake Superior, q = 3x10-8 m/s; for Lake Zurich, q = 10"6 m/s;

JUST 4MSTEHQW 2-s
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Fig. 5. Predicted removals of particle-reactive substances.
W = 3.6 g/m2-d ; a = 0.01.

for the Loch Raven Reservoir, q = 1.2 x 10" m/s. The uppermost curve in Fig. 5
describes the removal of particles and of particle reactive substances with Kp

values of 104 L/g or larger. Fe(ITl) is an example of such a substance; it is ef-
fectively transported almost completely by particles in natural waters. Substantial
removals of particles and Fe(III) are predicted for all lakes, regardless of q (note
the important assumption that particles are sufficiently destabilized so that
a = lO- 2).

For lakes with hydraulic loadings larger than about 5x10"7 m/s, pollutant removal
on particles is quite sensitive to Kp in the range 10 to a few hundred L/g. This
range includes some synthetic organics and most heavy metals. As hydraulic loading
decreases, coagulation and sedimentation increase, and pollutant removals increase
substantially. Lake Superior (q = 3xlO"8 m/s)is predicted to be substantially more
effective at removing particle-reactive pollutants with Kp values less than 102 L/g
than Lake Zurich (q = 10"6 m/s), even though both lakes are effective traps for the
particles themselves.

Two points are important for clarification. First, the model does not include air-
water and bottom sediment-water reactions as yet. Air-water transport, for example,
could remove substances with large Henry coefficients and low octanol-water coeffi-
cients. Second, the results in Figure 5 are presented for a constant particle
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production rate of 3.6 g/m2-d. This is representative of Lake Zurich; it has been
assumed constant as q is varied for other lakes. As q is decreased, the water
available for "diluting" this production is decreased, and the concentration of
particles available for interacting with particle-reactive pollutants is increased.
An alternative assumption, a constant concentration of particles introduced into
the epilimnion rather than a constant flux produced within it, has been examined
previously (O'Melia and colleagues, 1984). These previous results indicate sub-
stantially lower removals of particle-reactive substances at low hydraulic loadings
representative of Lake Superior. While actual cases probably lie between these two
boundaries, it is considered here that a constant production flux is more represen-
tative of natural systems than the assumption of a constant input concentration.
This question does not arise in application of the model to a specific situation
where the inputs arc identified.

CONCLUSIONS

The transport and fate of particles and associated pollutants and nutrients in
lakes are predicted to depend on areal hydraulic loading (q) , colloid stability (a),
and solid-solute partitioning (Kp). Lakes vary widely in hydraulic loading and
pollutants vary widely in partition coefficients. Natural particles are rather
unstable in lakes, but a is expected to depend on the hardness and dissolved or-
ganic carbon in the water; these also vary widely among lakes. As a result, lacus-
trine systems are expected to differ appreciably in their ability to assimilate
pollutants. A model has been developed to provide a basis for predicting deposi-
tion and pollutant concentrations in these systems.
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ABSTRACT

The ammonia nitrogen carrying capacity of Wabash River suspended solids was
evaluated. The sorption of ammonia onto these solids was found to follow a Lang-
muir model and to be reversible. At background river ammonia concentrations of
below about 0.2 mg I"1, sorbed ammonia carried by the suspended solids is ouite
low, less than 0.2 mg NH3-N per gm suspended solids. However, near outfalls under
the right conditions, as much as 15 to 20% of the ammonia discharged may be ini-
tially sorbed from solution to be later released downstream when the soluble am-
monia concentration decreases.

KEYWORDS

Ammonia, sorption, nitrogen, river suspended solids

INTRODUCTION

Many of the rivers in the midwestern United States carry a fairly high level
of suspended solids (SS). For example, the Wabash River at Lafayette, IN" recent-
ly averaged 65 mg l^SS with a maximum of 340 mg I"1. (Indiana State Board of
Health, 1981, 1982) The purpose of this work was to evaluate the sorbed ammonia
carrying capability of these suspended solids and to determine whether sorption
represents a significant sink or reservoir for ammonia.

Most midwestern soils have a cation exchange capacity of 5 to 15 m-equiv./lOOg
and NH4.4" is considered to be reversibly retained by the soil's cation exchange
capacity (Bohn, 1979). After ammonia fertilizer application to soil, no or only
trace amounts of ammonium can be detected in soil solutions indicating that the
ammonium applied was tightly held by the soil (Wong You Cheong, 1980). This
suggests that the River SS, many of which are eroded soil, may take up ammonium
added to the River by ion exchanoe or sorption and act as a reservoir, releasing
ammonium when solution ammonium concentrations become sufficiently low.

EXPERIMENTAL

Ammonia analysis

All of the ammonia analyses (reported as nitrogen) were made using an Orion

713



714 R.F. WUKASCH and L.P. MOOS

ammonia electrode, model 951000 and a digital pH/volt meter. The electrode solu-
tion was diluted 9 to 1 with deionized (bl) water as recommended for low concen-
trations. A comment should be made about the NaOH reagent used to adjust the
pH of the samples prior to probe measurement. Reagent grade NaOH is commonly
certified to contain less than 0.008% ammonium hydroxide. This is more than
enough to interfere with the probe measurement at low concentrations. Boiling
the caustic reagent for 1 hr. was found to effectively remove this positive in-
terference.

First run

Eighty liters of Wabash River water were collected on an August day. The
as collected analyses were: SS, 36 mg I*1, volatile SS, 14 mg I"1, and NH3-N,
0.10 mg I"1. The water was settled for 5 days and carefully decanted leaving a
slurry. To eliminate biological effects such as nitrification and biodegradation,
sterilization was attempted by exposing the slurry to cobalt 60 gamma irradiation
at 1000 Jkg"1, diluting an aliguot to 10 g I"1, and irradiating again at 1000
Jkg"1. The slurry, which had a pH of 7.2, was centrifuged, the NH3-N content of
the decant measured, and the centrifuge pellet was then resuspended in fresh well
water. The well water had no detectable ammonia or residual chlorine. The fresh
suspension was stirred for a specified time period and the centrifuge procedure
begun again. The results of these procedures are shown in Table 1.

Table 1 First Run

Sample

Initial
1
2
3
4
5
6
7
8
9 a

b
10 a

b
c
d

Mixing Time, hr

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
8
4
18
48
72

NH3-N mg T
1

10.0
1.60
0.83
0.57
0.40
0.41
0.22
0.17
0.15
0.07
0.10
0.11
0.28
0.31
0.48

volume ml

100
100
100
100
100
100
100
100
100
500

500

The gradually increasing ammonia shown in samples 9 and 10 can be attributed
to biodegradation since, after these results were observed, microscopic examina-
tion of the suspension showed motile unicellular organisms. The solids were
once again irradiated at 1000 Jkg'1 [cumulative dose now 3000 Jkp"1] and motile
organisms were still present. Apparently the solids provide sufficient shielding
for the microorganisms to allow some survival with this method of sterilization.
Although the suspension was not sterile, the first 9 samples were run consecutive-
ly in about a 14 hr. period and the impact of the slow ammonia release observed
is minimal in the analysis of these data.

It was desired to put the data into some sort of an isotherm relationship
relating the amount of ammonia sorbed on the solids to the concentration of dis-
solved ammonia nitrogen in the water in equilibrium with the solids. The mass
of ammonia removed from the solids in consecutive elutions can be calculated from
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the results shown in Table 1. This gives the change in ammonia sorbed per gm of
suspended solids from one elution to the next but the total amount sorbed is un-
known. Chemical methods for extracting the sorbed ammonia for direct measurement
were ruled out since lysis and release of ammonia from the organic matter in the
slurry would occur. It was found, however, that the ammonia sorbed to the solids
at the end of sample 9a could be estimated to be 0.045 1119 NH3 per g SS by fitting
the data into a Langmuir adsorption model. This transformation is shown in Table
2 and by the points designated as First Run in Fig. 1.

Z 3 -

20

15

10

5

0-

©

0

A

B

FIRST RUtte

SECOND RUNl 2HR CONTACT TIME

SECOND RUNl 24 HR CONTACT TIME

1 1 1 1

©

- ^ = 3 . 4 , - 1 . 3 3 ^

rz-o.92

, ! j _ _

10 12 14 16

C nij e ' NH3-N IN SOLUTION

Fig. 1. Ammonia Sorption: Langmuir Model

Table 1 Langmuir Model: First Run

Sample

I n i t i a l
1
2
3
4
5
6
7
8
9 a

mg NH3/g SS

0.530
0.370
0.287
0.230
0.190
0.149
0.127
0.110
0.095
0.045

1/X

1.89
2.70
3.48
4.35
5.26
6.71
7.87
9.09

10.5
22.2

mg 1"1NH3

10.0
1.6
0.83
0.57
0.40
0.41
0.22
0.17
0.15
0.07

1/C

CIO
0.63
1.20
1.75
2.50
2.44
4.55
5.80
6.67

14.3
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Second run

To overcome the problems of incomplete sterilization and ability to measure
directly the total amount of ammonia on the solids, sterile ammonia-free solids
were prepared as follows. Solids were removed from a Wabash River sample taken
in December. The slurry was adjusted to a pH of 11 and boiled for 30 minutes.
The solids were then centrifuged and washed with DI water, dried at 1030c, and
finally exposed to 600°C for 15 minutes in an evaporatina dish which resulted in
a 12% weight loss.

Erlenmeyer flasks containing 100 ml of well water, 2000 mg I"1 prepared
river solids, and varying amounts of added ammonia were prepared and placed on a
shake table. The resulting pH of the suspensions was 7.2. Ammonia in solution
was measured at 2 and 24 hr. The results are shown in Table 3.

Table 3 Second Run

Flask mg l'i SS mg T * NH3 Final NH, cone mg 1"i
2 hr 24 hr

0 0.04 0.04
0 0.15 0.16
0.1 0.19 0.17
0.5 0.56 0.47
1.0 s 1.0 0.90
5.0 4.8 4.3
10.0 9.4 9.1

Although somewhat more ammonia was removed from solution at the end of 24 hr
as compared to the 2 hr samples, most of the equilibration took place within 2 hr.
As seen in flask 1, there was a background concentration of 0.04 mg T 1 ammonia
in the well water. Then, in flask 2, it is apparent that the treated solids
still carried ammonia which could be desorbed or exchanged into the well water.
The amount of ammonia on the treated solids can be estimated as follows. The
amount of ammonia remaining on the solids in flask 2 can be estimated to be
0.095 mg g"1 from the results of the first run. Then using a mass balance, it
may be calculated that the treated solids contain 0.150 mg g"1 of desorbable am-
monia. Additional mass balances may be used to transform the second run data as
shown in Table 4 and fit to the Langmuir model as shown in Fig. 1.

Table 4 Langmuir Model: Second Run

Time hr mg NH3/g S 1/X mg 1"1NH3 1/C

2
2
2
2
2

24
24
24
24
24

0.125
0.140
0.170
0.270
0.470

0.135
0.185
0.220
0.520
0.620

8.00
7.14
5.88
3.70
2.13

7.41
5.41
4.55
1.92
1.61

0.19
0.56
1.0
4.8
9.4

0.17
0.47
0.90
4.30
9.1

5.3
1.8
1.0
0.21
0.11

5.9
2.1
1.1
0.23
0.11
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DISCUSSION

The data from both runs were used to calculate the regression line shown in
Fig. 1. The correlation is surprisingly good since the two samples of river solids
were taken during different seasons and were treated differently. This relation-
ship may be used to estimate the mass flow rate of sorbed ammonia in the Wabash
River. For example, the dissolved ammonia nitrogen in the River is usually
around 0.10 mg I"1 (Indiana State Board of Health, 1981, 1982). From the regres-
sion, the sorbed ammonia is 0.066 mg I"1 SS which at 65 mg I"1 SS represents 0.004
mg I"1 of sorbed ammonia or only about U of the dissolved ammonia. However, under
high river solids conditions (> 300 mg I"1) sorbed ammonia may be as high as 20%
of the amount dissolved.

The sorption regression can also be used to estimate how much of a point dis-
charge of ammonia would be sorbed to the Wabash River solids. A mass balance may
be written using the notation shown in Fig. 2 in which: N w is the dissolved

Nw, N w 2

RIVER w

N3, FLOW N 8 2

SS, SS:

Fig. 2. Ammonia Mass Balance Notation

ammonia, Ns is the ammonia sorbed to the suspended solids, N^ is added ammonia,
and SS are the suspended solids. Then:

NW1 + Nsl + NA = %2 + h2

and substitiitina:

[• [5.4 A.M/N.fc] * \
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So, if Nwi, SSi, SS2» and NA are known, NW2 may be estimated. Solutions to the
model for various conditions are shown in Table 5.

Table 5 Sorption of point source ammonia

N̂ mg I"1 SS mg I"1 Na mg I"1 N 2 mg I"
1 % of N. sorbed

0.10
0.05
0.10
0.05
0.05

65
65
340
340
340

0.10
0.50
0.10
0.50
0.10

0.198
0.537
0.186
0.489
0.133

2
3
14
12
17

SUMMARY

Ammonia nitrogen was found to be both sorbable and desorbable from Wabash
River suspended solids collected both in summer and in winter. The sorption was
found to fit a Langmuir model which can then be used to estimate the sorbed am-
monia. With average river suspended solids concentrations, the amount of sorbed
ammonia appears to'be less than about 5% of the dissolved ammonia. However, with
high concentrations of suspended solids, the sorbed ammonia may amount to as much
as 15 to 20% of the dissolved ammonia nitrogen.
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ABSTRACT

The physics of cementation processes (metal displacement) have been analyzed.
An important effect of the intermediate species, hydrogen, H+, and hydride, H",
on the mechanism of cementation has been shown. The possibility of either
diffusional or migrational (electric current) transport of active species has
been suggested. A kinetic model of the cementation migration regime has been
developed and partially verified by experimental data,
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INTRODUCTION

Cementation is a spontaneous electrochemical process which involves the
reduction of more electro-positive (noble) species, for example Cu 2 +, Ag+, Hg+,
and others by electronegative (sacrificial) metals such as Fe, Zn, Al, etc. The
present theories of cementation assume that (1) multiple anodic and cathodic
sites are induced on the surface of the sacrificial metal, (2) the elementary
act of reduction of noble species, Me n +, always occurs as a direct interaction
with the electroconducting electrons (Men+ + ne" + Me), the said act being
localized within the Helmholtz layer at the cathodic sites. Strickland and
Lawson (1973) and many other researchers additionally assumed that the transport
of noble species to the cathodic sites occurs in accordance with the Levich
(1962) theory of turbulent diffusion at an interface, while, in more recent
work, Agrawal and Kapoor (1982) considered additional effects associated with
electrostatic forces. All these models predict that cementation must always
occur as a first order process.

A number of researchers have reported substantial deviations from the first
order rate, such as rate enhancement or retardation, dependence of the rate
constant on concentration of noble species and hydrogen ions, an unusual
"optimal" mixing rate, an increase in the process rate and yield under a hydrogen
atmosphere, dependence of the energy of activation on the range of temperature,
concentration and mixing rate and other "erratic" features of cementation
processes. Some researchers, for example Annimalai and Murr (1979) attributed
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these deviations to the morphology of cemented deposits (smooth, bulbous,
dendritic) without presenting any reasoning on the formation of one or another
type of deposit. Gould and his students (1980) observed the same irregularities
in cementation of Hg+ when only smooth deposits are formed and Cr(vi) when
deposits are not formed at all. Therefore, the morphology of deposits falls to
adequately explain the specifics of the process.

The objective of this work is to reevaluate the mechanism of the process, and to
develop a new model which could explain the specifics of cementation. Such
reevaluation can be helpful for design and control of cementation processes for
treatment of liquid and solid wastes and resource recovery.

MECHANISM OF CEMENTATION PROCESS

Hydrogen Species and Their Role

Strickland and Lawson (1973) and many other researchers showed that the cementa-
tion process rate increases when pH decreases. Nadkarny and Wadsworth (1968),
and Biswas and Reid (1973) showed that under hydrogen atmosphere the process
rate and yield (the quantity of noble species reduced per unit of sacrificial
metal dissolved) increase. Under a hydrogen atmosphere the use of the
sacrificial metal can be lower than the stoichiometric ratio. This suggests
that hydrogen is consumed as a reductant simultaneously with the sacrificial
metal. It is also known that hydrogen acts as a reductant in numerous organic
and inorganic reactions. It is assumed herein that hydrogen species, hydrogen,
H+, and hydride, H~, ions are intermediates in cementation processes.
The literature provides evidence of hydride formation in similar processes.
Nekrasov (1973) suggests that the dissolution of metals in acids may occur with
the formation of hydride. Peters and Von Hahn (1963) assume the formation of a
copper hydride intermediate in the aqueous copper reduction by hydrogen under
high pressure and temperature. Pourbaix (1966) presents numerous examples of
hydride formation under reducing potentials. In particular, stable hydride ions
can exist in water at 25°C in equilibrium with hydrogen and hydroxide ions at
the potential E o = -0.711 - 0.0591 pH + 0.0295 log ([0H~]/[H~]).

In addition, several sources (Cherepanov, 1981, Frumkin, Petrii, and Damaskin,
1970, Kiohigin, 1980, Mueller, Blackledge, and Libowitz, 1968, and Subramanyan,
1981) state that hydrogen is the most soluble of all gases in metals, it can
interact with electrons at metal surfaces, become atomic hydrogen and enter the
body of the metal. It is suggested herein that atomic hydrogen can become
loosely associated with excess electrons at cathodic sites thus forming a
negative particle, hydride, which will be emitted from a cathodic site and
transfer the associated electrons in the solution. Hydride is a very strong
reducing agent which can react with noble species in the solution.

Structure of the System and Electrode Processes

An idealized schematic of the cementation process is illustrated in Fig. 1. Due
to the nonuniform properties of metal surfaces, multiple electrolytic (cathode
Cg and anode Ag) and galvanic (anode Ae and cathode Ce) cells are spontaneously
induced.

Electrode processes at anodic sites, Ae, In electrolytic cells involve: 1) ad-
sorption of anions, An" from the bulk solution on the surface of sacrificial
metal, Me(i); 2) formation of a salt and liberation of electrons which flow to
cathodes, Cg, in galvanic cells; and 3) dissolution and dissociation of salt
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molecules. The dissolved metal cations remain in the bulk solution while the
anions may return to the anodes, Ae, The schematic of anodic processes for
single valency anions and double valency cations in electrolytic cell can be
presented as follows:

+Me
A nS -" 2 Anad

2 +

(1) (MeAn2)ad + 2ef

•2 A ns + Me(1)S ^ ( M ^ n 2 , sJ (1)

Fig. Idealized Schematic of Cementation System

At the cathodic sites a hydrogen ion accepts one electron and becomes an absorbed
atomic hydrogen, H l a d, which diffuses into the body of the metal, becomes
absorbed (dissolved) hydrogen, H l a b, and in the presence of the excess of
electrons is loosely associated with an electroconducting electron. Such a
particle can be considered as hydride, H". This negative particle is ejected
from the cathode and upon the transfer into liquid becomes a distinct ion. The
hydride and noble ions, Me2+, react to form the reduced species and hydrogen ion
which can be dissolved in the sacrificial metal or metallic deposits, if any at
the cathode. The species H+, Hi, H", and H 2 constitute specific (not standard)
hydrogen electrodes. The schematic of processes at cathodic sites can be
illustrated as follows:

lad lab

Me(2) + Me
2+
(2)

(2)
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Dlffuslonal and Migratlonal Transport in Galvanic Cell

At the initiation (spontaneous induction) of cementation an electrical double
layer is formed at cathodic sites where the outer Helmholtz layer is constituted
of hydrogen ions, noble ions (in case of cations), and indifferent ions (for
example Na +). As a result of interaction between hydrogen ions and electrons,
hydride ions are formed and emitted from cathodic sites. Noble ions react with
hydride ions to form metallic deposits and hydrogen ions. Hydrogen ions return
to the outer Helmholtz layer, taking part in the formation of new hydride ions.
Noble ions diffuse from the bulk solution towards the cathodic sites.

Thus two opposite fluxes are formed: the flux of hydride and a counterflux of
noble ions. At the on-set of the process either the flux of hydride ions or the
flux of noble cations is greater. In the first case the reaction between ions
in these fluxes will result in the disappearance of noble ions from the layer
adjacent to the cathodic sites, and the reaction front would move to a distance
<5g (see Fig. 1) from the cathodic sites, where these fluxes are equal. In this
case electrodes Ag and Ce would be formed at the reaction front. The potential
determining processes at these electrodes and at the cathodic sites C g are shown
in Fig. 1. The hydrogen ions recovered at the electrode Ag would flow across
the layer 6g. Counterfluxes of H+ and H" in this layer will constitute an
electrical current. Metallic ions which are reduced to metal form the primary
particles at the reaction front. These particles adsorb hydrogen ions, thus
possess positive charges and are transported across the layer 6g due to
electrophoresis.

The case when the diffusion flux of noble cations is greater than the flux of
hydride would result in the shifting of the reaction front towards cathodic
sites. Levlch (1962), Kazarinov (1981), Agrawal and Kapoor (1982) and other-s
have thoroughly analyzed such cases and concluded that the overall process rate
is controlled by the transport of noble species across the diffusion boundary
layer.

Therefore, two alternative rate controlling mechanisms of transport of ionic
species at cathodic sites are possible: migration or diffusion. For migration-
controlled cases the second commonly accepted assumption (see Introduction) is
not valid.

Potentials and Distribution of Ionic Species in Galvanic Cells

Potentials at the outer Helmholtz layer at the electrode C g and at the inner
boundary of 6g layer (electrode Ag) are determined by the processes H

++2e~=H~

1 [Me!

[H ]-

(2)

I 1 ' I
[An

6 x <5 x & x
Fig. 2. Distribution of Potentials and Ions at Cathodic Sites

and H~+H++2e~ respectively. The theoretically possible potential differential
between these electrodes at 25°C equals

U =• 4.502 + 0.0591 pH - 0.0295 log P H 2 volts (3)

It is assumed that Ohm's Law applies to the electric current within <5g layer, so
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that the potential gradient will be constant across this layer and the distribu-
tion of all electroconducting species will be uniform. In addition, in the
potential field the cationic species which are brought to the electrode Ag by
convection in the bulk solution will be pumped into the migration layer 6g, and
the anionic species will be pumped out of this layer (with the exception of
noble and hydride ions which disappear at this electrode).

A graphic presentation of the potentials and distribution of major ionic species
in a galvanic cell is given in Fig. 2. The concentration of hydride ions and the
respective amount of hydrogen ions pumped into the_galvanic cell will decrease
cor.cotnitant with the evolution of hydrogen (H + H = H,) at electrode A™ and
will stoichiometrically follow the concentration of noble ions in the bulk
solution. This, as would be expected from Eq. 3, will not cause substantial
changes in potentials. Therefore, the potential difference, U, across the
galvanic cell will remain constant.

Push-Pull Mechanism

The negative charges of hydride ions in the layer <5g are compensated by the
charges of hydrogen ions pumped into the galvanic cell. However, the "original"
hydrogen ions remaining in the cell are not compensated by anions. Therefore,
the volume of the electrolyte in the galvanic cell is positively charged. The
bulk solution is assumed to be electroneutral. For the overall system to remain
electroneutral, the quantity of anions equivalent to the quantity of the
"original" hydrogen ions in the galvanic cell must be accumulated at the anodic
sites, Ae. These anions 'push' and the "original" hydrogen ions 'pull' the
electrons in the sacrificial metal.

Once established, the reservoirs of positive and negative charges would not
change in the course of the process due to a mutual attraction through a body of
a metal. An analogy with the poles of a magnet can be helpful for understanding
this phenomena. However, if hydrogen ions are consumed in the process of
hydrogen evolution, the quantities of "original" hydrogen ions and counterions
at anodic site can decrease with subsequent relaxation of the push-pull tension.
This may result in retarded process rates.

Potential-Current Diagrams

A potential-current diagram for the migration controlled reduction of an
electropositive metal by an electronegative one ia illustrated in Fig. 3a. This
diagram is constructed in accordance with the basic structure of the
electro-chemical cell and electrode processes which have been discussed in
previous sections. The scales used in the figure are log current densities
versus potentials. For electrode processes which obey Taffel's Law, polariza-
tion curves become straight lines in this coordinate system.

Curves (Cg) and (Ag) represent respectively cathodic and anodic polarization
curves in galvanic cells. (Ae) and (Ce) are respectively the anodic and
cathodic polarization curves in electrolytic cells. The equilibrium potentials
for these curves are E o A g, E o A e, E o C e , and E o C g. In constructing this diagram,
it was assumed for purposes of discussion that the areas of electrodes A g ) Cg,
and Ce are all equal and smaller than the area of electrode Ae. Since the total
current at a given moment is the same for each element of the circuit, the current
densities i a g, i c g, and i c e are greater than the current density iae. The
operable potentials are shown in the diagram by points a, b, c, and d.
Additional lines shown in the diagram are: (1) the continuation of the line Ce

JHST AMSTERDAM Z-T
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(a broken line) which shows the anodic branch of the polarization curve for
loose (departed from sacrificial metal) deposits; (2) the sum of curves A and
Ce which illustrates the simultaneous dissolution of sacrificial and noble ions-
(3) the sum of curves Ag and C g (dotted line) which describes the standard
hydrogen electrode, H 2 ; (H) the cathodic branch of the sum of curves CP and H?
which reflects the simultaneous reduction of noble ions and evolution of
hydrogen.

It follows from this diagram that the redissolution of the deposit attached to
the sacrificial metal is impossible unless the potential of the anode Ae becomes
greater than E o C e , or additional strong oxidant (for example, oxygen) is present
in the system. This explains the retardation action of oxygen and air Loose
particles of noble metal can be dissolved in the presence of additional oxidant
easier than attached deposits. It also follows from this diagram that hydrogen
will not evolve unless: (a) point c, the operable potential for the reduction
of noble species, is located left of the point o; or (b) the entire amount of
noble ions is already reduced and the usual dissolution of the sacrificial metal
in acid occurs. Consideration (a) indicates that processes with higher rates
may result in a loss of acid and sacrificial metal. However, at potential c
between points c and E o C e, the reduction of electropositive species by an

 6

electronegative sacrificial metal can occur in accordance with the theoretical
stoiohiometric ratio. This has a high practical significance for the selection
and optimization of cementation regimes.

Fig. 3b illustrates the potential-current diagram when both sacrificial and
noble metals are electronegative, it follows from this diagram that hydrogen
will always evolve in such a system, and the reduction of electronegative

Fig. 3- Potential-Current Diagrams for Couples: (a) Electropositive-
Electronegative; and (b) Electronegative-Electronegative
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species always occurs with an excess of the sacrificial metal. Unlike in the
electronegative-electropostive system, the increase in current density improves
the yield of the process. Therefore, respective regimes of the process which
produce higher current densities should be used.

KINETICS OF MIGRATION LIMITED CEMENTATION PROCESS

Limiting Stages of the Cementation Process

The overall cementation rate may depend on the rate of electrode reactions
and on the transport of species involved. It is usually assumed that all
electrode reactions occur faster than the transport of reacting species. For
diffusion-limited processes this assumption is obvious. However, migrational
transport of species in the layer 6 is much faster and may possibly become
greater than the rates of oxidation of the sacrificial metal and reduction of
noble species. If side reactions are not considered, these oxidation and
reduction processes must occur at the same rate. In order to develop the
kinetic expression for migration-limited processes the rate equations for
oxidation-reduction processes and migration must independently be developed.
Equalizing these rates would Chen result in a general expression for the overall
process rate.

Hydrodynamic Boundary Layers and Transport Phenomena

The rate of transport of reacting species depends on the hydrodynamic
conditions at the solid-liquid interface: (a) Prandtl's hydrodynamic boundary
layer, 60; (b) Levich's diffusion layer, 6; and (c) Helmholtz's adsorption layer.
The thickness of the boundary layer &0 depends on the hydrodynamic conditions.
The thickness of the diffusion layer 6 is a fraction of the hydrodynamic
boundary layer. It depends on hydrodynamics and diffusivity of the species
being transported to the solid surface. The transport of species within the
diffusion layer obeys diffusion laws. The convectional transport prevails
within the rest of the hydrodynamic boundary layer.

Levich (1962) has shown that for laminar boundary conditions the thickness of
diffusion layer is a reciprocal of the square root of the characteristic
velocity of flow, Uo, or the angular velocity of a rotating disk electrode or a
mixing device, to:

where, a1 and b' = values which depend on viscosity of liquid, diffusivity of
considered species and geometric parameters.

The value of 6 determines the resistance of the diffusion layer in diffusion
controlled processes, and ultimately, the overall process rate. For migration
controlled processes, the thickness of the galvanic cell, 6g, must be between
the hydrodynamic boundary and adsorption layers and, most probably, coincides
with Levich's diffusion layer, 5. This value determines the rate of species
transport in the migration mechanism and determines the process rate only when
it is lower than the rate of oxidation-reduction reactions.

Rate of Migrational Transport

The electric current in the galvanic cell, and therefore, the rate of migration
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can be determined on the basis of Ohm's and Faraday's Laws, Onzager's equation
for electrolyte conductance, and the mass balance.

The amount of material, m, transferred in accordance with Faraday's Law Is as
follows:

m = 3 _ (5)

where q = amount of electricity
z = particle charge (valence of ions)
F = Faraday Number

The respective rate of the material transfer is

dm _ 1_ dq I(t) ,,.
dt zF dt zF ^ '

From ohm's Law, the electric current is as follows:

(7)

where X(t) - time variable electric conductance
S(t) - S/C = time variable specific surface area of electrode (number

of unit areas adjacent to 1 g-eq of ions)
S = area of sacrificial metal
p = fractional area of cathodic sites
U = potential differential across the layer 6g

Sg = thickness of galvanic cell

The electric conductance of the solution in accordance with Onzager's equation
is as follows:

X - X_ - BArtr- X. - - 2 i ^ _ + °-^= X\\[C (8)

where A™ = specific conductance in an infinitely diluted solution
e = dielectric constant
T - absolute temperature
vi = viscosity
C = concentration of H + and H" in the layer 6g, which is equivalent to

the concentration of noble ions in the bulk

Substitution of A(t) = AC and S(t) = S/C into Eq. (7) and differentiation yield:

fll(t) _ £3U <U _ pSUB dc ,q.
dt 5 dt A/-i dt

g

where B is the term in straight brackets in Eq. (8).

The mass balance for a batch run is as follows:
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where, V = volume of solution (reactor)

Differentiation of Eq. (10) and substitution in Eq. (9) yield:

(11)
d^C

d t 2

pSUB

2VZF6 C

dc
d t

The solution of Eq. (11) for the oonditons t > <t>~1 , c = 0, dC/dt = 0, and t = 0,
C - Co is as follows:

^- = 1 - *t at 0 < t < 0"1 (12)

C = 0 at t > T 1

where * = -2 = formal rate constant or rate factor

Eq. 12 describes the transport rate in the galvanic cell.

Rate of Oxidation-Reduction Processes

The oxidation-reduction processes at electrodes Cg, Ae, Ag, and C e and their
sums are represented by;

H + • ae' * H" I + k
_ , + - H • Me( + Me + H (13)

Me + MP + ?t> '
(1) (1)

H + H+ + 2e I 2 +
 k
2 + 2

H * Me +Z Me + H (Hi)

These processes can be considered collectively as a nonbranching self-induced
chain process. The disruption of the chain occurs due to the recombination of
active species H+ and H":

H + H -> H^ (15)

The process rate for a long chain can be found as follows:

le,*, ] [Me,,.] (16)V -i o A

where v0 = rate of chain induction (Vo = V3).

Kinetic equation (16) is based on relationships (13) and (14) which describe
the conjugate oxidation of sacrificial metal and reduction of noble species.
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General Rate Expression for Migration Mechanism

Differentiation of

dv d2c
dt .2

Eq.

K
2

16

\

\

yields

[Me._.]

d C M e(2) ] \j
dt ' y

C M e(2) ] d M e(D
[Me, *] dt

(17)

A3 long as the sacrificial metal is available and its 3urface area, 3, does not
change substantially d[Me(-|)]/dt = 0. In accordance with the push-pull
mechanism the value of [Me^i)] can be assumed proportional to the concentration
of "original" hydrogen ions in galvanic cell [H +] o. Equalizing d2C/dt2 in Eqs.
(11) and (17) for any particular run with constant values of S, U, B, V, z, F,
and <5g and considering that [Me^)] = C yields

p = V [H +] o

where X.' = a proportionality factor.

Substitution of Eqs. W and (18) in Eq. (12) yields

at - ' " ' "~1

at

or $ =

(18)

where $ =
2VzF

(19)

2VZF

a and b = lumped parameters which combine S,1 and a' and I' and b'.

Eq. (19) describes the overall rate of migration regimes of cementation. This
equation reflects not the rate of a single limiting stage but rather the
balanced (interdependent) rates of consecutive stages of the process.

DISCUSSION AND VALIDATION OF MIGRATION MODEL

Experimental data previously published by Gould (1981) and Khudenko and Gould
(1983) and other materials have been used for the preliminary evaluation of the
migration model of cementation.

Figure 4 confirms that Eq. (19) adequately describes experimental data when the
initial concentration of noble species, C o (Cû "1" and Cr(Vl) at low concentra-
tions), and the ratio of the surface of the sacrificial metal to the volume of
electrolyte, S/V, are varied. If the same curves were plotted in scales log C/Co

versus time in anticipation of the first order kinetics, a rate enhancement
would have been observed.

Figure 5 confirms that the rate factor, 4, is proportional to w in the range
from 0 to 20. In this range migrational transport limits the process rate. At
y/uP> 20 the transport rate becomes greater than the rate of oxidation-reduction
reactions; accordingly the total process rate is described by Eq. 16 which is
independent of mixing. Levich (1962) showed that for half order reactions (see
Eq. 16) a sharp bend (see Fig. 5) occurs on the curve "Process rate - ^
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Fig. 4. Batch Cementation Data, Y = (y^C0'-

The retardation in the process rate at high concentrations of noble species and
high mixing rates, e.g. Annimalai and Murr (1979), can be explained by the
transition to diffusion mechanism of the process. Abrupt transitions of the
activation energy from greater values (7.9-18 Kcal/M) at lower temperatures to
lower values (2.3-4.8) at greater temperatures for copper cementation on iron
(Annimalai and Murr, 1979, Miller and Beckstead, 1973, and Biswas and Reid,1973)
were observed. This phenomenon can also be explained by the transition to the
diffusional domain at higher temperatures.

Fig. 5

20 40 /RPM

Effect of Mixing on Rate Factor
1. Chromium, 2. Copper

a
-4 -

-3 -

2 4 pH

Fig. 6. Effect of pH on Rate Factor
1. Chromium, 2. Copper

Figure 6 supports the finding that the rate factor $ is proportional to V[H +] 0'. A
deviation from curve 1 may be attributed to changes in speciation from Cu2+ at pH<2
to Cu20 at pH>2. A substantial scatter of data on curve 2 can be explained by
changes in speciation of products from Cr3+ (or Cr2+) to Cr(0H)3 at pH>3.3 to 3.7.
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Annimalai and Murr (1979), Nadkarni and Wadsworth (1968), Khudenko and Gould
(1983) showed that 1 mole of iron reduces 1 mole of Cu2+. This confirms the
conclusion that the theoretical yield can be obtained in the cementation of
electropositive species. The explicit data on the reduction yield of the
electronegative species is not available. However, some conclusions can be made
on the basis of experiments with reduction of Cr(VI) by iron. Gould (1981)
found that during batch tests pH rises to approximately 3.5-3.8. He also found
that 1.33 M of iron reduce 1M of Cr(Vl) at lower pH and only 1 mole of iron per
1 mole of Cr(VI) is needed at higher pH. It is suggested herein that the
reduction of Cr(VI) can occur in one or two stages depending on pH: (1) Cr^+ +
Fe + Cr3+ + p e3

+ at any pH, and (2) Cr3+ + 1/3 Fe •>• Cr 2 + + 1/3 Fe3+ at pH < 3-5.
The second stage involves the reduction of electronegative species (Cr3+) and
evolution of hydrogen, and therefore, the rise in pH to approximately 3-5, when
Cr(0H)3 instead of Cr3+ is formed. Cr(0H)3 cannot be reduced by iron.
Therefore, the process yield can be between 1 to 1.33 M or greater of iron per 1
M of Cr(VI) which agrees with Gould's data. This illustrates the evolution of
hydrogen and "overconsumption" of a sacrificial metal when electronegative
species are reduced.

Miller and Beckstead (1973) demonstrated that the cementation system car. be
primed ("strike" effect). They ran tests with 200 and 10 ppm of Cu 2 +, and a
test with 200 ppm for 10 min followed by Co = 10 ppm. The rate constant in the
second run was 3.3 times slower than in the first run, and in the portion of the
third run with 10 ppm it was almost the same as in the first run. These
concentrations are low and, therefore, correspond to the migration domain.
Based on the migration mechanism of the process the push-pull tension and
electrode potentials established at the induction of the process will remain
constant throughout the run. This effect can also be evaluated quantitatively
by using Eq. 19 in the form c * 'SfC'o ~ *VCot. At the strike period the value
of $V^o i s established. After the strike this value remains the same while
Co (first term in the right hand side) is instantaneously decreased. The
relative increase in the rate factor can be computed as follows -y/ Y*C0*/YC0 =
V0.516*200/0.98-10' - 3.24, where 7 = activity coefficient (taken after Miller
and Beckstead). The computed (3.24) and measured (3-3) values are very close.

CONCLUSIONS

A physical model of cementation processes which considers both diffusion and
migration limited kinetics has been developed. The key role of hydrogen species
has been discussed, and substantiated by experimental results. A push-pull
mechanism has been suggested as an important feature of the migration-
controlled process, and current-potential diagrams have been established.
A mathematical description of the kinetics of migration-controlled process which
incorporates the effects of major parameters, concentration of noble ions, pH,
surface of sacrificial metal, and mixing rate, has been found and partially
validated. Qualitative effects associated with the stoichiometry, speciation,
and parallel reactions have been discussed. The analysis presented herein ex-
plains and quantitatively confirms many specific features of cementation
processes which could not be interpreted by the use of the diffusion model.
This analysis can be helpful for developing improved modifications of
cementation processes.
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PHOSPHORUS, NITROGEN AND
CHLOROPHYLL-A CONCENTRATIONS
IN A TYPICAL DUTCH POLDER LAKE,
TJEUKEMEER, IN RELATION TO ITS
WATER REGIME BETWEEN 1968
AND 1982

H. De Haan and J. R. Moed

Limmologiml Institute, Tjeukemeer Laboratory, 8536 VD Ooxterzee,
The Netherlands

ABSTRACT

The mean concentrations of total phosphorus (P) and total nitrogen (N) in the pol-
der lake Tjeukemeer during the period April - September (summer season) between 1968
and 1982 were 0,215 and 3.8 mg/1, respectively. These values exceeded those laid
down by the Dutch water authorities for standard water quality. Though the mean sum-
mer chlorophyll-a (chl-a) concentration of 116 yg/1 during 1968 - 1982 was compara-
ble with that for the basic quality standard, the mean concentrations between 1977
and 1982 were from 1.3 to 2.1 as high.

Multiple regression analysis of the mean concentrations of total P and total N and
climatological and hydrological data demonstrated that the P and N concentrations
in Tjeukemeer in summer and in winter were significantly correlated with the defi-
cit or surplus of water and consequently with the man-made regime, namely the in-
flow and outlet of water in SW Friesland.

Between 1979 and 1982 the ratios (w/w) of the mean concentrations of total N and
total P and those of particulate N and particulate P in summer were less than 16
and 10,respectively, indicating that phytoplankton growth was N rather than P limi-
ted.

KEYWORDS

Phosphorus; nitrogen; chlorophyll-a; water regime; eutrophication; multiple regres-
sion analysis; Tjeukemeer,

INTRODUCTION

Tjeukemeer is the largest (21.5 km ) lake in the province of Friesland, The Nether-
lands (Fig, 1). The lake is connected with other lakes in the region by canals. This
interconnected lake system called the Friesian boezem, is used to regulate the water
table of the low-lying surrounding polders. These polders, consisting mainly of an
overlying peat layer of varying thickness on a sandy subsoil, are intensively used
as grass-land. Thus the water table of the polders is mostly adjusted to agricultu-
ral needs. The surplus water in the polders is pumped into the boezem and water
shortage is offset by inflow of water from the lakes. When rainfall exceeds evapo-
ration, the Friesian boezem is filled with polder water that is pumped and drained
via locks into Usselmeer and Waddenzee, respectively (Fig. IB). Since IJsselmeer
has been dammed off from the North Sea, fresh water can be introduced into the
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Fig. 1. Map of Tjeukemeer (A) and its situation in Friesland (B)
and shaded area in the intersect showing its position in
The Netherlands (C). The main directions of water flow
in summer (S) and winter (W) are indicated by arrows. The
sampling stations are marked by dots; the sections are
indicated schematically and marked with roman figures.
From De Haan (1982); reproduced with permission of Dr W.
Junk Publishers, The Hague .

Friesian boezem to offset water shortages.
Owing to the man-made water regime of the Friesian boezem, Tjeukemeer functions as
a polder reservoir, containing eutrophic and humic polder water in winter and eu-
trophic and relatively chloride-rich Usselmeer water in summer. Consequently, the
water flow in summer is the reverse of that in winter (Fig. 1A). However, the hy-
drological situation in Tjeukemeer is more complicated. Surplus water from the
higher sandy soild of eastern Friesland and western Drenthe is also partly drained
via Tjeukemeer to Usselmeer. However, we restrict ourselves in this paper to polder
water. Since polder water is humic and Usselmeer is oligohaline (De Haan, 1982),
water colour and chloride (Cl ) concentration are used as hydrological tracers in
Tjeukemeer. Because the volume and direction of water flow in the lake are mainly
controlled by climatic conditions, these conditions are reflected in the seasonal
courses of the water colour and Cl~ concentration. Hence, both the parameters are
related to the inflow and outlet of water of the Friesian boezem too (Fig. 2).
Obviously, the chemical composition and quality of Tjeukemeer water are related to
its man-made water regime. In this paper the total P, total N and chl-a concentra-
tions in the lake during the last 15 years are compared with those according to the
basic water quality standards for these parameters laid by the Water Action Pro-
gramme 1980 - 1984 of the Dutch Ministry for Transport and Public Works (1981).
Multiple regression analysis is used to determine whether these quality parameters
were correlated with the climate-dependent inflow and outlet of water in SW Fries-
land,

MATERIALS AND METHODS

Tjeukemeer, its sampling stations (Fig. 1A) and general limnology are described
elsewhere (De Haan, 1982; De Haan, Wanders and Moed, 1982; see also in Gulati and
Parma, 1982).
Between 1968 and 1977 water samples from stations 1, 2 and 3 were analysed fort-
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1972 HI'

Fig, 2. A: Colour as optical density at 365 nm (0) and Cl
concentration (•) in Tjeukemeer at station 1 during
1972 and 1974. B: Inflow of IJsselmeer water and
outlet of polder water at four weekly intervals of
the Friesian boezem during 1972 and 1974. C: Rain-
fall minus evaporation at four weekly intervals in
SW Friesland (From De Haan (1982); reproduced with
permission of Dr W. Junk, Publishers, The Hague).

nightly (Fig. 1). The averaged results are regarded to represent the "whole lake"
concentrations. Between 1977 and 1980 mixed samples from the sampling stations in
the sections I, II and III and after 1980 a mixed sample from all the 10 stations
were used for analyses.
For chemical analyses Baker Analysed Reagents were used and manual colorimetric
measurements were performed on a Zeiss Elko III or a Zeiss PMQ II spectrophotometer,
The water colour was estimated as the optical density at 365 nm of filtered ( <0.2
ym) samples.
The Cl concentration was determined by poCentiometric titration with silver nitrate
(Golterman, Clymo and Ohnstad, 1978). o

Total P was analysed after hydrolysis to ortho-phosphate for 2.5 h at 110 C in
acidic (3N H?SO,) persulphate (5%). Ortho-phosphate was analysed colorimetrically
(Murphy and Riley, 1962) either manually or on an auto-analyser (Technicon AA II).
Total N was determined colorimetrically with salicylate after hydrolysis to nitrate
and reduction to ammonia. Details of this procedure will be published elsewhere.
The chl-a concentration was determined after Moed (1973) and calculated according
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to Nusch and Palme (1975).
Rainfall and evaporation data at Joure and Leeuwarden (see Fig. IB), respectively,
were obtained from the Royal Dutch Meteorological Institute. The evaporation data
from Leeuwarden were corrected (multiplication factor 0.7) for employing to Tjeu-
kemeer. The inflow of IJsselmeer water and outlet of polder water of the Friesian
boezem were recorded by the Department of Public Works in the province of Friesland.
Since the water flow in Tjeukemeer is mainly controlled by the inlets and waterpumps
at Stavoren and Lemmer (see Fig. IB), outlet data of locks in northern Friesland
and those of inflow locks in western Friesland are not included in the study.

RESULTS AND DISCUSSION

The interdependence of rainfall minus evaporation, inflow minus outlet of water in
SW Friesland and the water colour and Cl~ concentration in Tjeukemeer is clear. The
total P and total N concentrations in 1980, a year with normal rainfall and evapo-
ration, were also strongly correlated with the water colour and Cl~ concentration
(Fig. 3; Table 1). Though these correlations do not necessarily mean that the total
P and total N concentrations and the inflow and outlet of water are related causally,
they do indicate that the concentrations of water quality parameters, i.e. both P
and N can be predicted from the hydrological data.

LT>

CTl

02

0.1

0-0

0.6

0.4

0-2

on

• / * \

•o o-oooo<X*>'"t

R
1 1 1

ice

, 1C 1 KA 1 *

A '

r

i i i i i i i i

B "
*"

1 u 1 i 1 i 1 i 1 c- 1 n 1 LI 1 n

- 200

- 150

100 —

50

0
10

- 8

6 3
1X3

- 2

1980

Fig. 3. A: Colour as optical density at 365 nm (•) and Cl
concentration (0) in Tjeukemeer during 1980. B: To-
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TABLE 1 Correlation Matrix of Fortnightly Measured To-
tal P, Total N and Cl~ Concentrations and Water
Colour (E365) in Tjeukemeer during 1980

737

E365
Cl"
P

Cl

-0.947 0.752'
-0.576s

0.855
-0.806s

XXP<0.01; n = 24, X XP< 0.001; n = 24.

The Dutch Ministry for Transport and Public Works (1981) has defined a series of
basic quality standards for surface waters in The Netherlands. For total P and to-
tal N these standards relate to the average concentrations in the period April -
September and are < 0.2 and < 2 mg/1, respectively. These values are connected with
the standard for chl-a (< 100 yg/1) and transparency (> 0.5 m ) , also during the
period mentioned. A comparison of the mean total P, total N and chl-a concentrations
in the period April - September since 1968 with these basic quality standards will
give an idea of the recent changes in the water quality relating to P and N and
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algal growth in Tjeukemeer.
The available data on the concentrations of total P, total N and chl-a in Tjeukemeer
in summer and winter between 1968 and 1982 are indicated in Fig. 4. The grand mean
concentrations during summer of total P, total N and of chl-a, namely 0,215 mg/1,
3,8 mg/1 and 116 Ug/1, respectively, exceeded the values set out in the quality
standards. Thus, the increase in cutrophication of Tjeukemeer between 1968 and 1982
has been unacceptably high particularly since 1977 (Fig. 4) after which year the
mean chl-a concentrations in summer were from 1.3 to 2.1 as high as the basic chl-a
standard. This was also quite true for mean total N concentrations. Although the
total P concentration in the summers of 1977 and 1978 conformed to the basic total
P quality standard, between 1978 and 1982 it was 1.1 - 1.5 times higher. From the
mean total P and total N concentrations in winter (Fig. 4) of 0.289 and 5.2 mg/1,
respectively, one must conclude that the water quality of Tjeukemeer was even worse
than in summer. Usually, in winter the lake contains polder water and in summer
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Fig. 5. Mean colour as optical density at 365 nm (A) and
mean Cl~ concentration (B) in Tjeukemeer and mean
difference between daily inflow and daily outlet
(I - 0) of water (C) and that between daily rain-
fall and daily evaporation (R - E) in SW Friesland
(D) in summer (open bars) and in winter (shaded
bars) between 1968 and 1982.
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IJsselmeer water. The P and N loads from the agricultural, peaty polders appear to
be higher than those from IJsselmeer; however, low total N concentrations in summer
might have been caused by increased denitrification.
In years with relatively wet winters, e.g., those of 1974,75 and 1980,81, relatively
greater water volume was pumped from the boezem into IJsselmeer (Figs. 5C and 5D).
In dry summers such as in 1976 more IJsselmeer water was let into the boezem. Gene-
rally, in winter there was a surplus of water which led to water outlet, and in
summer due. to evaporation and agricultural needs there was a deficit of water which
was offset by inflow of IJsselmeer water. As expected, a significant, inverse cor-
relation was found between the mean daily rainfall minus daily evaporation and daily
inflow minus daily outlet of water in summer and winter in SW Friesland (Table 2).
Though both the hydrological tracers, namely water colour and Cl~ concentration,
were significantly inversely correlated, the latter was not significantly correlated
with the rainfall minus evaporation (Table 2). However, both tracers did correlate
with the inflow minus outlet of water. Despite the rather low correlation coeffi-
cients this long-term study indicates that the water colour and Cl~ concentration
in Tjeukemeer in summer and winter can be predicted fairly well from the difference
between daily inflow and daily outlet of water of the Friesian boezem according to

E365 = -0.0086 (I - 0) + 0.092 (J)
Cl~ = 11.1 (I - 0) + 116 (2)

equations (1) and (2). In these equations I - 0 is the half-yearly, mean difference
between daily inlet and daily outlet of water in 10° m-% Cl~ the half-yearly, mean
Cl~ concentration in mg/1 and E365 the half-yearly, mean water colour as absorbance
at 36.5 nm, Golterman, Voerman and De Nie (1980) used the relationship between Cl~
concentration and water flow to calculate the quantity of water flowing into Tjeu-
kemeer to estimate its P loading. Leenen (1982) improved their calculations by a
model based on the same relationship.
Multiple regression analysis of half-yearly means of total P, total N and chl-a
from Fig. 4 and those of daily rainfall, evaporation, water flow and hydrological
tracers (Fig. 5), revealed the correlation matrix of Table 2. Though the total N
concentration was not significantly correlated with the hydrological tracers E365
and Cl concentration, it was correlated significantly with the inflow minus outlet
(Table 2 and Fig. 6). Probably the rather small set of N data, total N having been

TABLE 2 Correlation Matrix of Means of Total P, Total N, Cl~, and Chl-a
Concentrations and Water Colour (E365) in Tjeukemeer and Those
of Daily Rainfall minus Daily Evaporation (R - E) and Daily In-
flow minus Outlet (I - 0) of Water in SW Friesland in the Periods
April - September (Summer) and October - March (Winter) between
1968 and 1982

Cl"
E365
P
Nl
Chl-a
R - E

E365

-0.841XXX -0
0

P

.657XXX

,762m
0
0
0

N1

.033

.230

.306

Chl-a

0
-0
-0
-0

.082

.336

.156

.479

R ~ E

-0.423
0.600XX

0.503*
0.850xxx

-0.492x

I - 0

0.540XX

-0.596XX

-0.654XXX

-0.812XX

0.447
-0,948XXX

n = 11, in all other cases 20<n<27.
XP<0.02, X XP<0.01, X X XP< 0.001
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Fig, 6. Correlations between the mean half-yearly concentra-
tions of total P (t) and total N (0) in Tjeukemeer
and those of daily inflow minus daily outlet (I - 0)
of water in SW Friesland between 1968 and 1982.

analysed only since 1977, caused this discrepancy. Further, denitrification and N2
fixation might interfere and weaken the correlations between total N concentration
and the hydrological factors.
Half-yearly mean concentrations of total P were significantly correlated with all
the hydrological and climatological parameters employed (Table 2), The strongest
Correlation (r = 0,762; P<0,001) was found between total P and the water colour.
Since both P and colour, i.e. huroic substances, originate in the peaty polders, a
correlation is not surprising. Thus, like N, P concentration in Tjeukemeer can be
predicted from the inflow and outlet of water in SW Friesland (Fig. 6; Eqs. (4) and
(5)). For this inflow and outlet data of the locks and pumps in SW Friesland can be
simply used. Total P concentration can be predicted more reliably from colour mea-

P = 1 .66 E365 + 0.088
P = -0.026 (I - 0) + 0.253
N = -0.39 (I - 0) + 4.61

(3)
(4)
(5)

surements as in equation (3), where P is in mg/1 and I - 0 and TL365 are as in equa-
tion (1). The regressions indicate that inflow of lowly coloured water from IJssel-
meer would improve the water quality of Tjeukemeer regarding P and N. However, the
inverse regression between total N concentration and net inflow (I - 0) may only
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be because of denitrification in summer. Restricted inflow of highly coloured pol-
der water would also lower the P concentration. According to equation (4) a daily
net inflow of ca 2.10 m-̂  of water in summer and winter would result in the basic
total P quality standard of 0.2 mg/1. Such high inflows would cause serious problems
in winter when the rainfall far exceeds evaporation (see Fig. 5D) and only outlet
of water can prevent floods in the polders. Yet, the man-made water regime might be
used more than so far as a managing tool to restrict the P eutrophication of Tjeu-
kemeer. However, the total P concentration in Tjeukemeer can not become lower than
that in the inflowing IJsselmeer water. In this respect the water quality of the
lake is governed by that of IJsselmeer which is fed by a tributary of the river
Rhine. To achieve the N quality standard of 2 mg/1 according equation (5), even more
unrealistic daily net inflows of IJsselmeer water would be required. Moreover, as
mentioned earlier, denitrification rather than water inflow may be the cause of the
found correlation between total N concentration and water regime.

Though increased daily inflow of IJ.sKelmeer water would lower the net P load of Tjeu-
kemeer, the corresponding positive correlation coefficients (Table 2) show that it
might result in a decrease of the water quality in terms of the chl-a concentration.
These inverse correlations between different water quality parameters and the net

20

16

12

P l im i ta t ion

N l imi tat ion

77 78 79 80 I 81 82
Fig. 7. Ratios of mean concentrations of total N and total

P (0) and of particu]ate N and particulate P (•) in
mg/1 in Tjeukemeer in summer between 1977 and 1982.
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inflow of water complicate the use of the water regime as a water quality managing
tool. Reduction of the anthropogenically increased concentrations of total P and
total N in IJsselmeer and polder water still is the most efficient and only way to
reduce eutrophication of Tjeukemeer.
A consequence of eutrophication is dense blooms of blue-green algae. The algal bio-
mass in Tjeukemeer in summer is dominated by Oscillatoria spp. (Moed and Hoogveld,
1982. The biomass, expressed as chl-a, exceeded the basic chl-a quality standard
(Fig. 4C) especially in the last six summers. If the ratios of the mean concentra-
tions of total N and total P and that of particulate. N and particulate P in mg/1
(Fig. 7) do not exceed 16 or 10, respectively, they indicate N limitation (Goiter-
man, 1975; Healey and Hendzel, 1980). According to this criterion blue-green algal
growth in Tjeukemeer was P limited between 1977 and 1978 and N limited between 1979
and 1982. The latter limitation agrees with the results of multiple addition bioas-
says performed under laboratory conditions between 1977 and 1982 (De Haan, Wanders
and Moed, 1982; unpublished data). However, since most of the N/P ratios lie in or
close to the transition area between P and N limitation, they might also suggest
neither a distinct P nor N limitation but light limitation. So, preferably in situ
bioassays are needed to elucidate the algal growth limiting factor in summer. If
nitrogen would be found to be limiting, lowering the N load of Tjeukemeer would
probably result earlier in an improvement of the water quality than if the P load
were lowered. But to date control of N is technically much less feasible than that
of P so that the fore most objective to combat eutrophication and its consequences
in Tjeukemeer should be to render phytoplankton growth P limited (Golterman, 1979).
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ABSTRACT

Observations of dissolved oxygen in the Test Estuary, Southern England have shown
lowest levels following a mid summer phytoplankton bloom. The bloom was dominated
by the ciliate Mesodinium rubrum (Lohmann). A numerical model has been developed
to calculate the water circulation, vertical mixing, dissolved oxygen and chloro-
phyll a. To obtain good agreement between observed and predicted dissolved oxygen
and chlorophyll a distributions, it was necessary to simulate a unique
characteristic, the diurnal vertical migration of Mesodinium.
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Southampton Water,

INTRODUCTION

The Test Estuary situated at the head of Southampton Water, Southern England (Fig. 1)
was identified in the mid 1970's as likely to be subject to a series of developments
which would require careful consideration of their impact on its water quality.
Dissolved oxygen was identified as the most important parameter for consideration
since the estuary carries a substantial run of Salmon Salmo salar (L.) each summer.

The estuary is 8 km in length from Redbridge to Dockhead varying in width from 0,4
km to 1.0 km. The majority of the length of the estuary is dredged to 14 m depth.
The estuary is fed by the chalk based River Test with an average flow of 12,0 m3/s
with a maximum to minimum flow ratio of approximately 8:1.

The estuary flows into Southampton Water which itself is a further 10 km long and
approximately 2 km wide, Southampton Water is not strongly stratified with surface
salinities rarely falling below 25%» at its head and 30%. at its mouth with bottom
salinities of 31%B and 33%= respectively.

Detailed studies on the water quality of the estuary had not been undertaken.
Previous work in the area (NERC, 1980; Raymont, 1972; Soulsby, Lowthion and Houston
1983) had been concentrated on Southampton Water, but evidence suggested that the
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role of phytoplankton in the oxygen budget of the estuary would have to be
considered. Hugman and Mallet (1979) had calculated that the collapse of the algal
bloom in the nearby Itr.hen Estuary lowered the minimum oxygen concentration by 10
per cent saturation and deSouza, Lima and Williams (1978) identified the phytoplank-
ton in the upper reaches of Southampton Water as having an important role in
determining oxygen consumption rates.

Hampshire

Fig- 1. The Test Estuary and Southampton Water

This paper describes the progress to date in quantifying the role of the phytoplank-
ton in the oxygen budget of the Test Estuary and constructing a two dimensional time
dependent model to simulate the process.

FIELD AND LABORATORY OBSERVATIONS

Measurement oi salinity, temperature, dissolved oxygen, chorophyll &_ and nutrients
in the Test Estuary were made at 4 depths at 6 sites on about 20 occasions per annum
for 3 years, 1977-1979. The surveys established the following characteristics ;-

(1) The water column is strongly stratified throughout the tidal cycle particularly
in the upper reaches with marked penetration of high salinity water > 30%o in
the dredged area.

(2) Dissolved oxygen (Fig. 2) reached a minimum in midsummer of 30%-50% saturation
in the bottom waters, but with periods of high super-saturation in the surface
waters at other times.

(3) A dense phytoplankton bloom developed throughout the estuary each summer with
peak chlorophyll levels of ~> 200 /ug/1 (Fig. 2). The bloom dispersed rapidly
and this was generally associated with the period of reduction in dissolved
oxygen.

(4) Levels of both nitrate and ammonia were substantially reduced during the phyto-
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plankton bloom period.
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(5) The midsummer phytoplankton bloom was dominated by the large ciliate Mesodinium
rubrum (Lohmann).

During the period May-October 1981, detailed analysis of the phytoplankton bloom was
undertaken to establish the magnitude of phytoplankton photosynthesis and respiration
and to provide data for a model to describe the role of photosynthesis in the oxygen
budget of the estuary (Rees and Williams, 1982). Samples were taken on 11 occasions
at 2 sites (Tl and T3, Fig. 1) at 4 depths and determinations of light intensity,
chlorophyll a., phaeophytin, nutrients, particulate organic carbon, dissolved organic
carbon, salinity, temperature and dissolved oxygen were made. Rates of
photosynthesis and respiration were calculated from light and dark bottle incuba-
tions carried out at in situ temperatures for 4 hours in the laboratory at saturat-
ing light intensities.
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Fig. 2. Levels of chlorophyll a (jug/1) and dissolved oxygen (% sat.) at Site Tl,
summer 1979.

The maximum rate of photosynthesis (corrected for in situ light and temperature con-

ditions) during the July bloom was 1850 jug O.l"1!!"1 at 3m depth. The corresponding

respiration rate was 240 «g 0 1 "'h"' at a chlorophyll ji concentration of 82 ^g/1

There was a highly significant correlation between level of chlorophylla and rate of
photosynthesis and respiration.

Evidence for the role of the phytoplankton in the observed fall in dissolved oxygen
levels is not well defined from the observations made. Calculation of the amount of
phytoplankton derived particulate organic carbon in the estuary in 2 summers (Fig. 3)
demonstrates that upto 80 tonnes can be present in the estuary at the time of the
peak bloom and that a rapid breakdown of this material must occur at the end of the
bloom. The nett production of oxygen calculated from the observed photosynthesis
and respiration figure integrated over the whole water column (Fig. 4) shows a rapid
decline from high oxygen production during the main bloom to a post bloom equilibrium,
but does not indicate a period of nett oxygen uptake which might account for the
observed fall in oxygen levels. An examination of nett oxygen consumption in the
bottom waters does not indicate a pattern significantly different from that for the
whole water column.

In order to achieve a better insight into the oxygen uptake processes, a mathematical
model of the estuarine system incorporating photosynthesis was developed.



748

1982

Fig, 3. Calculated amounts of algal derived particulate organic carbon in the Test
Estuary during summer 1981 and summer 1982.

May I June I July I August

Fig. 4. Nett whole water column oxygen production at Tl and T3, summer 1981.

MODELING

Predictions have been made using a two dimensional breadth-averaged model of the
system. The estuary is regarded as consisting of 4 layers with 36 cells (500 m
long) in each layer. The thickness of the top layer of cells is 10 per cent of the
total depth at mean tide level while each of the 3 lower layers represent 30 per cent
of the depth. The model development proceeded in stages; first, a hydrodynaroic model
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was developed to predict the water circulation and the vertical mixing coefficients,
next, a water quality model to predict distributions of dissolved oxygen and
associated substances as affected by sewage and industrial discharges, and finally,
a photo-synthetic submodel was included to calculate the effects of nutrients and
light on oxygen production and consumption.

Hydrodynamic Model

A simplified form of the longitudinal momentum equation (Officer, 1976) was used.

where p is the hydrostatic pressure, u. the longitudinal velocity, K the vertical eddy
viscosity coefficient, x the horizontal and z the vertical coordinate. It was also
assumed that

(2)

and

p = 1 + 0,00078 S (3)

where p is the water density and S the salinity (g/kg). By using the boundary con-
ditions that the surface stress and the bottom velocity are zero, Equation 1 can be
solved for u in terms of the horizonal salinity gradient, the water surface slope
and the eddy viscosity coefficient. Now by assuming that the salinity distribution
(and thus also the salinity gradient) is known, the water surface slope and the eddy
viscosity can be obtained from two further conditions :-

(a) the net flow of water through a cross-section is equal to the freshwater flow
and

(b) the net flux of salt through a cross-section is zero.

The horizontal velocity is thus determined in terms of known quantities and the
vertical velocity, w, is evaluated from the continuity equation

£ (bu) + £(bw) = q (4)

where b is the width, q the flow added from outfalls per unit area. The vertical
diffusion coefficient, E j can then be obtained from the equation for conservation of
salt. Z

iL(bus) + -i<tas) . £ C K , If) (5)
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Salinities at the cell centres of the model were interpolated from data collected
over a tidal period at seven stations on six occasions during 1980 and 1981.
Numerical forms of Equations 1 to 5 were solved, as described above for each survey.
The gravitational circulation computed from salinity data relating to a survey on 4th
September 1980 is illustrated in Fig. 5, where streamlines - indicating the magnitude
and direction of the density current - have been drawn for selected multiples of the
freshwater flow 7 m3/s. Thus, for example, between the streamlines 5 and 10 there
is a flow in the direction of the arrows equivalent to five times the freshwater
flow. In essence, there is a two-layer flow system, the seawards-flowing upper
layer separated from the landwards-flowing lower layer by a surface of no net
horizontal motion. The volume transport associated with each layer increases
seawards and there is an upwards vertical flow throughout the estuary. The salinity
isolines are also shown in Fig. 5 (broken curves) to indicate the fairly pronounced
vertical stratification. Also indicated in Fig. 5 is the. rapid increase in water
depth where the dredged channel begins, some 2 km from Redbridge.

Km. from Redbridge
2 4 6 8

Depth
8 (m)

Fig. 5. Salinity (g/kg) contours (broken curves) and streamlines
(solid curves) for 4th September 1980. Streamlines at
selected multiples of freshwater flow (7 m3/s). Arrows
indicate direction of flow.

Dissolved Oxygen Model

The distribution of dissolved oxygen is calculated from equations expressing the mass
balance in each cell, taking into account advection and diffusion, the addition of
loads by sewage and industrial discharges, oxidation of carbonaceous and nitrogenous
material, oxygen consumption by mud deposits and reaeration of the water surface.
The assumptions relating to the oxidation of carbonaceous and nitrogenous material
derived from waste loading, are those previously used (Barrett, Mollowney and
Casapieri, 1978).

(1) The rates of oxidation of organic carbon compounds are proportional to their
concentration.

(2) The organic nitrogen is converted to ammonia at the same rate as the organic
carbon is oxidised.
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(3) The rate of oxidation of ammonia is proportional to its concentration.

(4) Oxidised nitrogen is destroyed at a slower rate but proportional to its
concentration

The organic carbon is assumed to consist of two components referred to as 'fast' and
'slow' carbon, the rate of oxidation of the 'fast' carbon being 0,23 at 20°C and that
of the 'slow' carbon one fifth that value with a temperature coefficient of 5% per
deg C, The oxygen balance in each cell is represented by 7 equations: those for
'fast' and 'slow' organic carbon, 'fast' and 'slow' organic nitrogen, ammonia,
nitrate and dissolved oxygen.

Photosynthetic Sub-model

Further equations were introduced to simulate the effects of photosynthesis following
the model of Yallop and Williams (1979) which was similar to that of DiToro and others
(1977). The photosynthetic biomass is measured by plant carbon concentration. How-
ever, chlorophyll £i is assumed to be proportional to plant carbon with a carbon to
chlorophyll ratio of 42:1 and these are used interchangeably in the following. The
basic structure of the photosynthetic sub-model and the kinetic pathways and interac-
tions are shown in Fig. 6. In the figure, five substances are considered, organic
nitrogen, inorganic nitrogen, dissolved oxygen, live plant carbon and dead plant
carbon. The process considered to affect live chlorophyll are growth, respiration
and death.

ORGANIC
NITROGEN

Hydrolysis TOTAL
INORGANIC
NITROGEN

Oxidation
Respiration

Fig. 6. Basic structure of photosynthetic model.

The growth rate, G, is computed as a function of light intensity, I, temperature, T,
and nutrient limitation (DiToro and others, 1977); thus

G = /JmaxM f2(l) f3(nutrients) (6)

where is the maximum growth rate at temperature T, The value of p obtained

from field data was 4.6 per day at 20°C, with a temperature coefficient of 7% per
°C. The light function used is (Smith, 1936; Steele, 1978)

(7)

where Ifc is the Tailing constant of the light response curve taken as 3 m W/c
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The light intensity at depth z below the water surface is

I = 0.4-14 I Q e"
E z (8)

where E is the extinction coefficient, I the surface light intensity and 0.414 is a

factor to convert incident light to photosynthetically available radiation (Yallop
and Williams, 1979),

Nutrient limitation is represented by

f.., = TIM/(T1N + KNS) (9)

where TIN is the concentration of total inorganic nitrogen and KNS the half-saturation
constant (0.4 mg/1). The respiration rate, R, derived from field data was 0.36 per
day at 20°C with a temperature coefficient of 12 per cent per deg C. The live
chlorophyll was assumed to die at a rate proportional to its concentration and the
dead chlorophyll to oxidise at 5 times the respiration rate, R, of the live
chlorophyll and to settle through the water column (settling rate 5m/day). The
nitrogen regenerated was returned to the organic nitrogen pool.

When the model was run without any photosynthetic activity (by setting chlorophyll to
zero), this showed as expected a poor fit for dissolved oxygen. The model was then
run to simulate the effect of a periodic daily variation in light intensity over a
period of a week and the result at the end of the period is compared with observed
data in Fig. 7.
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Fig. 7. Observed (symbols) and calculated (curves) distributions of dissolved oxygen

and chlorophyll ji in the Test Estuary, 4th September 1980.

It was clear that there was still some element or factor needed to explain the
observed dissolved oxygen distribution. Neither the predicted concentration in tne
surface nor in the bottom layer was satisfactory; the observed sag is greater in
the bottom layer while there is under prediction in the upper layer.
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VERTICAL MOVEMENT OF MESODINIUM

753

An examination of the literature concerning Mesodinium rubrum which on a cell count
basis formed more than 50% of the main bloom and in biomass terms was completely
dominant, suggested that its role in the development of the observed oxygen
depeletion could be considerable.

Mesodinium is extremely motile with an ability to attain swimming speeds of
0.6 - 2 mm/s (Barry and Stuckey, 1950). Packard, Blasco and Barber (1978) have
hypothesised that in a week upwelling system where nutrient rich water is below the
photic zone Mesodiniuro could exploit the nutrients by moving into the subsurface
waters after replenishing their carbohydrate supply through photosynthesis as the
surface. In addition, its motality may allow it to maintain a suitable position
and resist flushing out processes experienced by non motile organisms. Smith and
Barber (1979) describe Mesodinium as positively phototactic in an increasing light
regime and negatively phototactic in decreasing light, locating it in a band at
40 m depth off the Peru coast in the early morning.

Observations in the Test Estuary have shown that the main concentration of Mesodiniura
is found between 1 m and 3 m during the day (Fig, 8) supporting the theory that they
shun strong light (Bary and Stuckey, 1950). Evidence that they do not maintain this
position during darkness, but distribute themselves throughout the water column was
obtained from a continuous survey in June 1983 (Fig. 8). Profiles during the night
using a fluorometer suggested that a substantial downward movement of Mesodinium
occurred first just before dusk and that within 30 minutes the bulk of the population
was contained in the bottom third of the depth. This positioning was maintained
through the hours of darkness, but prior to dawn a substantial movement towards the
surface occurred.
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Fig. 8. Depth profiles of chlorophyll a_ in the Test Estuary, 24-25th June 1983.

Further surveys were not practicable, but the evidence is supported by observations
in the literature. The stratification in the estuary means that all the nutrient
supply of the water column is not available to surface dwellers. By moving through
the water column Mesodinium is able to utilise this supply and at the same time avoid
the nett seaward flow of the surface waters and thus reduce the period it is subject

JWST AMSTERDAM 2-v
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to being flushed from the system. Apart from the considerable competitive
advantages this movement gives to Mesodinium it also has implications for the
oxygen budget of the water column. During the bloom period supersaturated oxygen
levels are maintained in the surface layers and it is generally accepted that this
is partly reduced during the hours of darkness by phytoplankton respiration.
However, the bulk of the night time respiration takes palce in the bottom layers
of the water column which do not receive the compensating photosynthetic oxygen.
This may lead to a depletion of the oxygen from the bottom layers as the bloom
progresses.

These observations were tested in the time-dependent phytosynthetic model by allowing
the live chlorophyll to swim downwards during the hours of darkness and then upwards
during daylight. Various swimming rates were tried and tests confirmed that this
factor had a large effect as illustrated in Fig. 9 which was calculated for a swimming
rate of 30 m/d. The comparison shows that it is possible to explain the observed
dissolved oxygen distribution in the estuary by photosynthetic production and
respiration if account is taken of diurnal vertical migration of Mesodinium. The
role of the bloom in the dissolved oxygen budget is now reasonably described but
the facts controlling the crash of the bloom including the role of zooplankton
require further investigation.
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Observed and calculated distributions of dissolved oxygen and chlorophyll
a for 4th September 1980. Calculated curves from model incorporating
diurnal migration of Mesodinium.

DISCUSSION

A number of models to simulate estuarine phytoplankton biomass (DiToro and others,
1977; O'Connor and Thomann, 1971; Salas and Thomann, 1978) have been developed
treating the phytoplankton as a homogenous assemblage while species specific
models are. rarer (Cloern and Cheng, 1981). These models are generally intended
to relate phytoplankton biomass to nutrient input and are not concerned with
simulating the effects of the phytoplankton on dissolved oxygen processes. Garside
and others (1976) indentified photosynthetically derived organic material as
substantially contributing to the organic load of the Hudson Estuary and suggested
that by its segregation from photosynthetically produced oxygen in the surface due
to entrainment in the estuarine circulation it may contribute significantly to the
oxygen demand in the estuary. Prych and Hauschild (1975) developed a multi-layered
model of a salt wedge estuary which included calculation of oxygen production by
phytoplankton (chlorophyll) in the surface layer but did not evaluate its role in
consumption processes in the lower layers.

The present model as well as taking account of stratification and circulation and
oxygen production by photosynthesis also calculates oxygen consumption by three
processes, oxidation of organic inputs, chlorophyll, breakdown and chlorophyll
respiration. The model further incorporates the species characteristic of the
dominant phytoplankter Mesodinium by allowing it to migrate diurnally, a feature
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which is essential to describe the observed oxygen sag. the linking of the
hydrodynamic, dissolved oxygen and photosynthetic models allows the distribution
of the effects of these various processes to be taken into account over the whole
water column.
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RESTORATION OF LAKE VELUWE,
THE NETHERLANDS, BY REDUCTION
OF PHOSPHORUS LOADING AND
FLUSHING

S. H. Hosper

Rijkswaterstaat — RIZA, P.O. Box 17, 8200 AA Ldystad, The Netherlands

ABSTRACT

In the shallow and hypertrophic Lake Veluwe the cycling of phosphorus between
water and sediments was mainly determined by a continuous bloom of the
blue-green alga Oscillatoria agardhii. For the restoring of water quality it
was considered necessary to reduce the external P-loading as well as to
suppress the release of phosphorus from the sediments. The reloading of the
lake decreased from approx. 3 to 1 g P/m2 a year in 1979. Additionally the lake
has been flushed during winter periods with water low in phosphorus.
Flushing was primarily aimed at interrupting the continuous algal bloom.
After four winters of intensified flushing Osclllatoria still is the dominant
alga but the diversity of species is increasing. In 1982 Oscillatoria
disappeared for several months.

The results show a sharp decline of summer values of total phosphorus from
0,40-0,60 mg/1 to approx. 0,15 mg/1. In the trend of various parameters
correlated with algal biomass a striking discrepancy is observed.
Chlorophyll-a, ashfree-dryweight and particulate-phosphorus show a considerable
and approximately similar decrease (50-60%). On the other hand the decrease of
algal biomass in terms of freshweight (viz. biovolume of Oscillatoria) and
reciprocal Secchi-disc values is relatively small (approx. 25%). Obviously the
0. agardhii filaments contain much less organic matter, chlorophyll-a,
phosphorus and nitrogen per unit of biovolume after implementation of remedial
measures.
Transparency appears to be determined by number and volume of 0. agardhii more
than by chlorophyll-a and ashfree dryweight.
Intensified flushing will be continued for the next few years.

KEYWORDS

Eutrophication; lake restoration; phosphorus; Oscillatoria agardhii;
phytoplankton.
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INTRODUCTION

" * d i r e c t ly connected to each other, were

!see Fig! T. thS dyk6S f ° r the Flev°la"0 ™ ^ were constructed
General information about both lakes is given in table 1

A feature of the lakes in the early years of their existence was the clarity of

deteriorated'on ^ " " " S e C ° n d ' " " ° f t h* 1 9 6 0 < S t h e i r condition apldly
£ ? a C C O U n t o f a s h a r? in^ease in nutrient loading. From about

i£TS SJ
3

lakes However, restoration of the lakes also requires, in addition to
combating this external phosphorus loading, measures that are designed to
suppress the release of phosphorus from the sediments. Flushing during winter

" T.V 'l? fleVOlfnd that is low in Phosphorus content may be an
way of achieving this (see Fig. 2).

m m traatmant
plant

Fig. 1 tocation of Lake Veluwe (Veluwemeer) and Lake Dronten (Drontermeer)
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Fig. 2 Intensified flushing by pumping excess polderwater into the lake

TABLE 1 Lake

Surface area (.
mean depth (m)
mean water
residence time*

Veluwe and
and Water

10" m^]

(yr)

L.
i

Lake Dronten Morphometric
Residence

veluwe L.
32,4
1 ,28

Time

Dronten Whole
5,4
1,13

Data

Lake
37,8
1,26

0,7
•Calculated on the basis of mean annual outflow
for 1980-1982 (Outflow due to intensified flushing

and percolation not included).

METHODS

Water samples are collected in the upper 0,5 m at 5 locations at intervals of 1
to 2 weeks.

Nutrient analyses (total-P, ortho-p, Kjeldahl-N and nitrate + nitrite) are
carried out by Technicon Autoanalysers. Particulate-P and particulate-N are
estimated by subtracting total-P and Kjeldahl-N respectively in unfiltered and
filtered samples (membrane filtration 0,45 ym).

Suspended solids and ignition Residue are estimated according to Dutch Standard
Method NEN 3235. Filtration of 1 liter sample over paper filter under mild
overpressure, drying at 109' C until constant weight. Ignition Residue is
determined after ignition at 600" C. Ashfree-dryweight is obtained by
subtracting Suspended Solids and Ignition Residue.
For chlorophyll-a analyses the sample is filtered through a glass fibre filter
(Schleicher & Schiill nr. 6). The filter with algae is homogenized in
90%-acetone in a carbon dioxide cooled cell homogenizer Braun Potter S. during
30 s. The extract is filtered through a Schleicher & Schilll filter nr. 597 and
the absorption is measured at 665 nn in a Bausch & Lomb Spectronic 100 before
and after acidification with 4 N HC1 till a final concentration of 0,1 M.
Chlorophyll-a concentrations were calculated from a calibration line made with
pure chlorophyll-a supplied by Sander (Basel).



760 S.H. HOSPER

Phytoplankton samples were counted in a counting chamber, using a "projectina"
microscope.
Volumes of the algae were measured at a magnification of 400 x under a Olympus
BH microscope, equipped with an OSM micrometer eyepiece.
It was found that the volumes of individual species of diatoms and green algae
were relatively constant. An averaged value was calculated for each species and
used for estimation of crop volume of that species through the whole sampling
period.
It was also found that the average width of filaments of blue-green algae was
relatively constant and this was only measured at infrequent intervals.
Great variations in filament length occurred; in a sample at least 30 filaments
of each species were measured. The standard error of the mean was about 15% of

the mean. Only in spring the mean filament length differed significantly from
the whole year mean value. In other periods a constant length was used to
calculate total filament volumes per litre.

LAKE MANAGEMENT TACTICS

Reducing the external phosphorus loading alone will not guarantee rapid
restoration of the lakes. The phosphorus content is in addition strongly
influenced by the interchange between water and sediment. Variations in
phosphorus content throughout the year and a knowledge of the loading reveal
that large quantities of phosphorus are released from the bottom sediments
during the summer. In the autumn the phosphorus sinks back towards the
sediment. This internal cycle could in principle continue for a very long time.
The phosphorus release is probably connected with algae growth. Algal growth
raises the pH of the water by uptake of carbon dioxide and may lead to a lack
of oxygen in the water-sediment interface by increasing the organic loading of
the sediment. It is well known that both these factors increase the solubility
of iron-phosphates, one of the main forms in which phosphorus is generally
found in lake sediments (Lyklema 1977, 1980). Sediment particles resuspended by
wind- and wave action in contact with water that, has a high pH desorb
phosphorus. This can give rise to a self-perpetuating process of algal growth,
raised pH, phosphorus release, further algal growth, etc.

The internal cycle appears to be maintained by the permanent bloom of
0. agardhii. Intensified flushing could break this vicious circle. Intensified
flushing during the winter months with water that is low in phosphorus leads in
principle to relatively clear water, a low phytoplankton biomass and a low
phosphorus content at the start of the following growing season. Such
favourable conditions during the spring may, in combination with a reduced
external phosphorus loading, produce a number of positive effects. The amount
of phosphorus released from the bottom sediments, for which algal growth is
partly responsible, will diminish, producing a lower phytoplankton biomass
during the summer months, in addition, the relatively clear water will provide
less favourable conditions for the growth of 0. agardhii and more opportunity
for the development of the more desirable green algae and diatoms (Mur et al.
1978, Berger 1975).

PHOSPHORUS AND NITROGEN LOADING

The main sources of water and nutrients are the two sewage treatment plants at
Elburg (on Lake Dronten, discharge 80.000 p.e.) and Harderwijk (on Lake Veluwe,
discharge 175.000 p.e.), a number of tributary streams, two pumping stations on
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the old land, precipitation and seepage (see also Fig. 1 ).
Phosphate-elimination has been carried out at Elburg since 1972 and at
Harderwijk since the spring of 1979. The total loading prior to the
introduction of this measure at Elburg was estimated at 3-4 P/m^ a year.
Between 1972 and 1979 the loading was about 3 g P/m2 a year, which decreased to
about 1 g p/n\2 year"1 after the introduction of phosphate-elimination at
Harderwijk.
Figures for the average quantities of phosphorus and nitrogen from various
sources are given in table 2. The annual input of phosphorus and nitrogen from
the Lovink pumping station when intensified flushing was taking place was on
average 12 and 592 tons respectively.
Even when phosphate-elimination is carried out, effluents from the treatment
plants form 40% of the total phosphorus loading.
About half of the external loading is concentrated on Lake Dronten, which is
the smaller of the two.

TABLE 2 Phosphorus- and Nitrogen Loading

s.t.p.z) Elburg
s.t.p.2) Harderwijk
tributaries (streams)
pumping stations
seepage
precipitation

phosphorus1)
8,8
9,1
10,4
8,5
2,0
2,7

Nitrogen1)
153
159
190
124
16
94

41,5 736
TjMean values for 1980-1982 in tons per year (loading due
due to intensified flushing not included)

2)s.t.p.= sewage treatment plant

FLUSHING AS AN ADDITIONAL TACTIC

Intensified flushing of the lakes is carried out by feeding in polder water
from Flevoland via the Lovink pumping station (capacity 19 m3/s) at the
southern edge of the lake discharging it via the shiplock at the northern end
(see fig. 1). Flushing has been carried out in winter over the past four years,
mainly between November and March. Data on the quantities and the nutrient
content of the polder water are given in table 3.

The polder water is relatively hard (200-300 mg HCO3/I). As a result of
flushing the pH-buffering capacity will increase and this has a positive
influence on the binding of phosphorus to the sediments. The phosphorus content
is low and fairly constant. The amount of phytoplankton, consisting mainly of
diatoms and green algae, is also low (chlorophyll-a approx. 10 mg/m3) . There is
however a fairly high concentration of nitrogen (mainly nitrates) and chloride
(250-300 mg/1). The aim in using the pumping station is to pump in a quantity
of water equal.to 2-3 times the volume of Lake veluwe providing there is a
sufficient quantity of polder water available. If such an inflow is realized,
it is likely that, together with the supply of water from natural sources, the
bulk of water is almost completely renewed. Data on chloride content during the
first flushing period show that the relatively salty polder water and the lake
water mix intensively (Hosper, unpublished). Water outflow from the lake under
natural conditions (without intensified flushing) was approx. 15 mln m3 in the
period November-March.
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TABLE
and

1979/1980
1980/1981
1981/1982
1982/1983

3 Water Inflow by Pumping station
Concentration of Total-Phosphorus

Total-Nitrogen

Inflow!) Total-P2)
87
82

112
98

0,09
0,09
0,08
0,10

Lovink
and

Total-N2)
5,4
5,4
5,4
5,2

1 ) i n 106 m3 during November-March
2)weighted mean values in mg.1-1

RESULTS

The results given below are confined to the most important parameters and
relate to one representative location in Lake Veluwe, where the measures
referred to above had the greatest effect (Lake veluwe is over five times the
size of Lake Dronten).

Phytoplankton biomass,species composition and transparency

The variation and trend in phytoplankton can be assessed on the basis of
chlorophyll-a, ashfree-dryweight and algae biovolume. A comparison of the years
1977-1979 with 1980-1983 shows a considerable reduction of chlorophyll-a and
ashfree-dryweight (Fig. 3). The total-biovolume data show the same tendency but
fell less sharply (Fig. 4).

Only in 1982 there was a marked change in phytoplankton when the dominance of
0. agardhii was broken for the first time since 1971 (Fig. 4). In the second
half of May this species disappeared almost completely. This could be explained
by a combination of rather clear water and the sunny weather of the second half
of May. High light intensities may be fatal for Oscillatoria (Mur et al.
1978). In June and July a great variety of green algae appeared. In
August there was a second bloom of diatoms and there was a gradual increase in
blue-green algae at the same time. By September O. agardhii was again
dominant. The magnitude of the diatoms bloom in the spring is gradually
increasing.

The main factors determining the clearness or transparency of the water are the
nature and quantity of the suspended matter. As a result of flushing
transparency in winter and spring was generally greater than in previous years
(Fig. 5). However, in the summer of 1980 and 1981 it returned to approximately
the same level (20-25 cm) despite the lower concentrations of chlorophyll and
ashfree-dryweight. Transparency in the summer of 1982 was markedly greater than
in previous years. After the disappearence of the diatom bloom in May values of
1.5-2.0 m were recorded for the first time since monitoring began in 1970. This
clear water period was only of short duration. In the first half of June
transparency diminished to about 50 cm, gradually dropping further during the
summer until it reached 25 cm in September.
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Remedial measures had less effect in Lake Dronten than in Lake Veluwe.
Chlorophyll content and the concentration of ashfree-dryweight were reduced
after the measures had been implemented but were markedly higher than in Lake
Veluwe. During flushing the lake filled with water from Lake veluwe and a
comparable algal biomass resulted. As soon as flushing stops, there is a sharp
increase in chlorophyll content and a corresponding decrease in transparency.
The change in species composition that occurred in Lake Veluwe in 1982 did not
take place here. The chlorophyll content had already risen to 200 mg/rn^ by May
and remained at that level during the summer.
0. agardhii remained the dominant species.

9.0-

6.0^

3.0-

).1mtransparency (Secchi disc)

7.0-"-i
1977 1978 1979 1980 1981 1982 1983

Fig. 5 Transparency (Secchi-disc) and pH.

phosphorus and nitrogen

Variations in total phosphorus concentrations in Lake Veluwe showed a
characteristic pattern between 1977 and 1979 (Fig. 6). At the beginning of
summer there was a sharp increase due to reduced sedimentation and the release
of phosphorus from the bottom sediments. In the autumn a gradual reduction in
concentration is observed mainly on account of increased sedimentation. After
remedial measures were implemented, the pattern remained about the same,
although the concentrations were much lower. Between 1977 and 1979 the average
total phosphorus content during the summer half year was 0.48 P/l; in 1980-1981
it was 0.18 mg P/l, in 1982 0.11 mg P/l and in 1983 0,15 mg P/l. The pattern of
ortho-phosphorus concentrations changed completely. In summer in previous years
0.20-0.40 mg p/l accumulated in the water that was not absorbed by algae. Over
the last few years the concentration remained near the detection limit of 0,01
mg P/l. The pH-value which strongly affects the behaviour of phosphorus, also
appeared to have altered significantly (Fig. 5). usual peak values of pH 9-10,
did not occur any longer. Average pH-values over the summer fell one whole
unit.
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Hie situation in Lake Dronten appears less promising, immediately after
flushing ceased, the relatively high loading (of this lake) led to increased
phosphorus concentrations reaching values of over 0.40 mg P/l, of which
0.10-0.20 mg P/l was in the form of orthophosphorus. in previous years the
concentrations had been even higher, at 0.50-0.80 mg P/l. The pH was somewhat
reduced but still reached peak values of 9-10.

The behaviour of the nitrogen concentration in Lake Veluwe presents certain
conspicuous features (Fig. 6). Although nitrogen loading rose sharply as a
result of flushing, the concentrations of total nitrogen in the summer
practically halved after 1979. In spring nitrate disappeared very quickly,
mainly as a result of denitcification. The nitrogen content appears to adapt to
the algal biomass which is limited by other factors, such as the availability
of phosphorus.

Nitrogen in Lake Dronten behaves in a similar way to phosphorus.
After flushing there is a sharp increase to values that are only marginally
lower than those of previous years.

mg/1 total-P

0.80 -
0.60 -
0.40 -
0.20 -

mg/1 kjetdahl-N

8.0 -
6.0 -
h.O -
2.0 -

mg/1 nitrate-N + nitrite-N

4.00 -

3.00 -
2.00 -
1.00 - A -Ai '\ ' ' '\ ' L-r

1977 1978 1979 1980 ig8l 1982 .1983

Fig. 6 Total-Phosphorus, Ortho-Phosphorus, Kjeldahl-Nitrogen and
Nitrate+Nitrite-Nitrogen.



766 S.H. HOSPER

DISCUSSION

An interesting question is whether the phosphorus and chlorophyll
concentrations in Lake Veluwe now comply with the relationship laid down for
phosphorus-limited lakes in the 1980 CUWVO-report (CUWTO-Coordinating Committee
for the Implementation of the Pollution of Surface Waters Act; Hosper, 1980 and
1980). The condition of the lake for the years 1975-1983 is given in fig. 7.
Over the past four years concentrations have differed greatly from those in
previous years and appear to comply with the relationship referred to above.
A reduced chlorophyll content does not necessarily lead to a corresponding
increase in transparency. A decreasing chlorophyll/biovolume ratio, such as
appears to have occured in Lake Veluwe, may be the explanation for the slight
increase in transparency. In Table 4 mean values are given for various
parameters correlated with algal biomass. The figures refer to periods when o.
agardhii is the dominant species. The parameters ashfree-dryweight,
chlorophyll-a, particulate-P and particulate-N show a strong and approximately
similar decrease (50-60%).

On the other hand the decrease of total biovolume and reciprocal Secchi-disc
values is relatively small (approx. 25%). The relative decrease of some of the
parameters is visualized in Fig. 8. The Oscillatoria filaments contain much
less organic matter (is ashfree-dryweight), chlorophyll-a, phosphorus and
nitrogen per unit of biovolume after the implementation of remedial measures.
The ratio between these parameters remains fairly constant as can be seen from
Table and 5. In spite of substantially lower contents of the above-mentioned
parameters O. agardhii is able to maintain its dominant position.
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Fig. 7 Relation between Total-Phosphorus and Chlorophyll-a, mean values for
summer-periods (April-September) 1975-1983.
The line approximates the upper limit of the mean Chlorophyll-a
concentration at a given Total-Phosphorus concentration and is -derived
from data of 63 lakes in the Netherlands (Hosper, 1980 and 1980).
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Transparency appears to be determined by number and volume of 0. agardhii mote
than by the content of chlorophyll-a and ashfree-dryweight of the water.
Flushing of Lake Veluwe in wintertime will be continued for the next few years
and possibilities for intensifying the flushing are being explored.

140

120

100

20

1978 1979 1980 1981 1982 1983

Fig. 8 Relative decrease of various parameters correlated with algal biomass'
Reciprocal Secchi-disc values, Total-Biovolume, Ashfree-dryweight and
Chlorophyll-a.

Mean values for periods dominated by Oscillatoria agardhii
(July-September, in 1982: September - November).

TABLE 4 Mean Values of Biovolume (B), Reciprocal Seech:
disc values (1/S), Ashfree-dryweight (DW)
Chlorophyll-a (CHL), Particulate-phosphorus
(PART-P) and Particulate-nitrogen (PART-N)*

1977
1978
1979
1980
1981
1982
1983

1/S

m-1
DW

mg.1-1

CHL

ng.m-3
PART-P PART-N

mg.l-1

209
227
136
199
136
166

4,5
5,2
6,0
4,7
4,9
3,3
4,5

42
48
SO
26
25
19
21

260
323
390
166
155
122
148

0,27
0,36
0,36
0,18
0,18
0,13
0,18

2,94
3,78
3,40
2,10
2,09
1,64
2,02

*Mean values for Oscillatoria-dominated periods:
July-August-September; in 1982: September-October-November
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TABLE 5 Ashfree-Dryweight (DW), Chlorophyll-a
(CHL), Particulate-phosphorus (Part-P) and

Particulate-nitrogen (Part-N) in relation to
Biovolume (for absolute figures see TABLE 4)

DW CHL PART-P PART-N
%^_ %̂  %2 %*

0,15 0,15 " 1,7
0,16 0,17 1,8
0,17 0,16 1,5
0,12 0,13 1,5
0,08 0,09 1,1
0,09 0,10 1,2
0,09 0,11 1,2

% of algal biovolume (=Oscillatoria filament volume)
Biovolume in mn<3.l~1=Freshweight Biomass in mg.l"1

assuming a specific gravity of 1.0

1977
1978
1979
1980
1981
1982
1983

24
23
22
19
13
14

n
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ABSTRACT

The Dune Water Works of The Hague pumps yearly about 45 million cubic meters of
water from the Andelse Maas Basin to the dunes for infiltration purposes. The water
in the Andelse Maas Basin is strongly influenced by the Meuse river. Phosphate, con-
centrations are so high that algal growth causes difficulties in filters and dunes.
For phosphate reduction purposes, iron is dosed into the basin. Several limnologi-
cal variables are monitored based on weekly measurements. A mathematical model has
been developed for the description of the eutrophication in the basin. The model is
time and space dependent and based on the one-dimensional dispersion-advection
equation. Two separate submodels are used, one for the simulation of flow condi-
tions and one for the algae and nutrient kinetics. The ortho-phosphate reduction is
modelled as a first order process. The eutrophication model has been calibrated,
verified and used for a prediction of chlorophyll-a and ortho-phosphate concentra-
tions for the case of the shut down of the iron dosing installation. The dosing of
iron appears to be a very effective way for phosphate removal. Termination of the
dosing would give unacceptable high phosphate and chlorophyll-a concentrations.
Present investigations are focussed upon the minimization of the amount of iron
dosing.

KEYWORDS

Water quality, monitoring, internal storage, bioassay, eutrophication, phosphate
removal, iron dosing, chlorophyll levels, dune infiltration, drinking water.

INTRODUCTION

The Andelse Maas Basin

The Andelse Maas Basin is about 12 km long, and A.5 m deep. It has a volume of
about 9 million cubic meters. The basin is connected with the river Meuse at one
end and closed at the other end. Before the closure the Andelse Maas was a connec-
tion between the river Meuse and the river Waal. The tidal movement considerably
influences the hydrodynamics of the basin. Several polders discharge their water
into the basin. The water quality in the basin is strongly influenced by the water
quality of the river Meuse, which is highly eutrophic.

769
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Fig. 1. The Andelse Maas Basin

The Drinking Water Supply

The Dune Water Works of The Hague uses the basin as a storage reservoir for drink-
ing water supply of a population of about 900.000 people. For this purpose about
45 million cubic meters of water is pumped yearly from the Andelse Maas Basin into
the dunes near The Hague for infiltration purposes. At Scheveningen the water is
pumped into the distribution system after post-treatment. Because of the high
phosphorus level of the river Meuse high chlorophyll-a levels could be expected in
the Andelse Maas Basin. This could cause difficulties during several stages of the
drinking water purification process. Therefore it was decided to reduce phosphorus
levels by artificial precipitation with iron-II-sulphate. The iron-II-sulphate is
dosed into the basin from a pipe at the bottom of the basin. Mixing is increased
by infiltration of air under high pressure and by the tidal mechanism.

To study the influence of the iron dosing a limnological monitoring program was
carried out from 1976.

Optimization of the Iron Dosing

The study aims primarily to minimize the amount of dosed iron in order to achieve
certain prescribed phosphate levels in the basin. As a research tool a descriptive
and predictive mathematical model for the phytoplankton biomass and ortho-phos-
phate level in the basin as a function of time and space was developed. Boundary
values for the model are the quality of the river Meuse and the quality of the
discharged polder water. Iron dosing was implemented in the model in such a way
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that it was possible to study the relation between phosphate levels and the amount
of dosed iron.

THE PHOSPHATE CONTENT REDUCTION

To counteract the consequences of eutrophication in the presence of nutrient load-
ings physical and/or chemical measures must be taken to reduce algal growth to ac-
ceptable levels. For the shallow Andelse Maas Basin the chemical method is used.
This method consists of the addition of precipitants at a location near the incom-
ing water side of the Basin, whereby the phosphorus is retained in the sediments.
Experience in The Netherlands has shown that the use of iron-IIrsulphate :gives bet-
ter effects than the application of trivalent iron or aluminium salts, if the re-
tention time of the water is rather long, say 3 months. See Oskam (1983). However
the choice of the reagent, divalent or trivalent, seems to depend on the charac-
teristics of the basin itself and must be found in practice. For the Andelse Maas
Basin the use of iron-II-sulphate has been chosen, mainly based on the moderate
costs.

The Iron Dosing Installation

In two tanks (near Wijk and Aalburg) with a total volume of 70 cubic meters, iron-
II-sulphate is dissolved. By means of a compressor and a pump, this salt is added
to the water through a perforated pipe which lies on a raised part of the bottom.

1. Iron sulphate storage
2. Compressor- and pump area
3. Iron sulphate dissolving tanks
4. Iron sulphate dosing pipeline
5. Aeration pipe
6. Andelse Maas

Fig. 2. The iron dosing installation

On both sides lie similar pipes for mixing the salt and aerating the water by air
bubbling at high pressure. An increased mixing is obtained by the tidal mechanism.
In fact each water particle passes the point of dosing several times.

The amount of iron dosage is estimated with bioassays and 'jartest' experiments.
The potential upper limit of biomass of algae depends on the available amount of
nutrients P, N and Si and the light intensity. By means of bioassays the quantity
of algae which could be expected if the Andelse Maas was completely filled with
untreated riverwater has been determined to remove phyto- and zooplankton and
inoculated with the green alga Scenedesmus quadricauda. On controlled conditions
(light and temperature) a biomass of algae of 570 g chlorophyll-a/1 developed
in water containing 0.49 mg/1 ortho-P.
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As well from the point of view of preparation of drinking water as from recreative
interests no more chlorophyll-a is allowed than 25 to 50 yg per liter. By bioas-
says it was determined that such a level could be obtained by reducing the ortho-P
content 80 to 90 percent. This reduction is possible, according to 'jartest'
experiments, by dosing 5 to 10 mg/1 iron-II-sulphate. The results of biomass as-
says however, are of limited value because in practice the amount of developed al-
gae is strongly influenced by the grazing pressure of zooplankton, settling and
non-optimal light conditions. Assuming that there is a residual flow of 3 m3/s at
the point of the iron dosing installation, since September 1976 about 8 tons iron-
II-sulphate per day was dosed, in theory that means about 6 mg iron per liter. From
the end of 1981 the amount of dosing was reduced to 4 tons ircn-II-sulphate per day
in order to obtain a better understanding of the real amount of iron dosing needed
for sufficiently high algal control.

DESCRIPTION OF THE WATER QUALITY

To study the change of the water quality, the river Meuse water and the. Andelse
Maas Basin has been sampled weekly at seven locations. Phyto- and zooplankton are
examined microscopically, quantitatively as well as qualitatively. Measured and
analysed are: temperature, Secchi depth, pH, chlorophyll-a, silicon, phosphorus
and nitrogen compounds, oxygen, iron, chemical oxygen demand and adenosine^tri-
phosphate (ATP). In this paper however, only a few parameters which are used for
the calibration and verification of the eutrophication model, are described.

Fig, 3. Annual means of Iron, Secchi-depth, Ortho-P and Chlorophyll-a
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Due to the tidal mixing an increased concentration of iron is measured both up-
stream and downstream of the iron dosing test installation. Rarely, however, at
the point of the iron dosing, has the theoretically computed amount of iron been
found. Probably this 'iron-loss' is explained by the dispersion mechanism. Coagu-
lation, flocculation and sedimentation mainly occur between the point of dosing
and some two km upstream. As a consequence of the iron flocculation, the transpar-
ency of the water decreases locally. Upstream of the iron dosing the Secchi depths
increase considerably.

The most important decrease of ortho-P happens at the level of the 'dead
arm' or segment 2 (see figure 1), again caused by the tidally dispersed iron. The
concentration of ortho-phosphate never gives rise to the development of biomass of
algae above the acceptable limit of 25 to 50 yg chlorophyll-a per liter. By halv-
ing the dosing to 4 tons iron-II-sulphate per day (1982), no significant increase
in ortho-phosphate levels is observed. With regard to the preceeding years the an-
nual means of chlorophyll-a are slightly increased.

THE EUTROPH1CATION MODEL

The eutrophication model consists of two submodels. One submodel for the computa-
tion of the algal growth and one for the hydrodynamic computations. Furthermore
the coupling of the submodels and the data flow is organized by the eutrophication
model.

DATA

| FLOW MODEL |-

DATA

—>|MASS-BALANCE \4

ALGAE BIOMASS (x,t)
ORTHO-P (x,t)

DATA

1
MIDAS |

Fig. 4. Organization scheme of the eutrophication model

The organization of the Study

The study was divided into the following parts:

o data collection and analysis

o implementation of the MIDAS model
o implementation of a flow model and coupling
o calibration and verification
o simulation of scenarios

Data collection and analysis. For the model study the following data were neces-
sary, partly for the calibration, verification and simulation purposes:

1. Geometric and hydrological data.
Data concerning the shape of the river bed, the location of the polder
pumping stations, the iron dosing station, the subdivision of the basin
into computational elements, the discharges of the pumping stations, the
mean levels of the river Meuse and averaged tidal elevations.

2. Limnological data.

Forcing functions for the MIDAS model, such as surface light intensity,
water temperature, Secchi-depth, the nutrients not included in the model
and zooplankton concentrations. Data for calibration and verification,
e.g. levels of the main algal groups and ortho-phosphate.

3. Upstream conditions.

The biomass of the main algal groups and ortho-phosphate levels at the
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junction of the river Meuse and the Andelse Maas Basin.
4. Loadings.

The biomass of the main algal groups and ortho-phosphate levels in the
discharged polder water.

5. Initial conditions.
The biomass of the main algal groups and ortho-phosphate levels at the
start of the computation.

Normally the time interval for the computations is one year, initial conditions
are given for an initial time in the winter period. All time varying functions are
given in the form of weekly observations. Intertidal fluctuations are averaged
over a tidal period.

The MIDAS model. MIDAS is a mathematical model describing the interaction between
phytoplankton and nutrients. MIDAS is an acronym meaning

o M ulticomponent
o I nternal storage
o D ynamic
o A lgae
o S imulation

The aim of the model is, in the first place, to deduce the dynamic description of
relevant chemical and biological processes in a well-mixed body of water. In the
second place the model aims to predict the effects of controlling the nutrient
loads on the composition and quantity of the phytoplankton biomass.

The model concept is based upon the work of Biermann (1976). A unique feature of
the model is that cell growth is considered to be a two-step process involving sepa-
rate nutrient uptake and cell synthesis mechanisms.

If spatial effects or transport processes are important the model has to be ap-
plied for several segments. Each segment is considered as a well-mixed body of
water. For the exchange of matter between the segments an appropriate flow module
is included.

The biological and chemical state variables in MIDAS are:

o biomass of the functional algae groups
o internal phosphorus and nitrogen storages
o dissolved nutrient concentrations.

The selection of the functional algae groups in the model depends on the expected
composition of the most important groups and on the availability of the parameters
for these groups. Considering the available data and the aim of the study a lim-
ited number of state variables was incorporated for the Andelse Maas Basin .study:

1. the biomass of diatoms
2. the biomass of green algae
3. internal P-storage in diatoms
4. internal N-storage in diatoms
5. internal P-storage in green algae
6. internal N-storage in green algae
7. dissolved ortho-phosphate

The selection of internal phosphorus and nitrogen storage in the algae groups is a
direct consequence of the two-step model concept. The first step is the uptake of
nutrients from the surrounding water. In this step an internal nutrient storage is
built up. This process is often referred to as luxury consumption. The second step
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in the algae kinetics is the cell synthesis, which no longer depends on external
nutrient concentrations but on internal dissolved nutrients.

ALGAL CELL

EXTERNAL
DISSOLVED
NUTRIENT

INTERNAL ,
DISSOLVED
NUTRIENT

INTERNAL
NUTRIENT
STORAGE

Fig. 5. Nutrient uptake in MIDAS

Ortho-phosphate is the only nutrient incorporated in this study. The reason for
this choice is threefold:

1. There are data available,
2. ortho-phosphate is considered to be the most important limiting nutrient

and
3. ortho-phosphate can be controlled easily by iron dosing.

FORCING FUNCTIONS

• SURFACE LIGHT • NITROGEN
INTEN5ITY CONCENTRATION

• DAY LENGTH • SILICATE
CONCENTRATION

• WATER TEMPERATURE . Z O O P L A N K T O N

5ECCHI-DEPTH • IRON CONCENTRATION

STATE VARIABLES
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BIOMASS
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1INTERNAL
N-STORAGE

DIATOMS

IINTERNAL
P.STOHAGE

DIATOMS

1INTERNAL
P-STORAGE

GREENS

INTERNAL
N-STORAGE

GREENS

DISSOLVED
ORTHO

PHOSPHORUS

Fig. 6. Relations in MIDAS

For each state variable the model equations are written in the form of a mass-bal-
ance equation:

rate of change of state variable = rate of change due to external point
loading + rate of change due to interactions in the system volume.

For each functional algae group the rate of change of biomass is given by:

rate of change of biomass = biomass * (specific growth rate - grazing rate
zooplankton - algal death rate - sinking rate)

The specific growth rate equals the maximal specific growth rate multiplied by a
reduction factor. This reduction factor is a function of non-optimal light and
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temperature conditions. Furthermore nutrient limitations by one of the internal
nutrients can reduce the specific growth rate. For diatoms also the dissolved sil-
icon concentration is taken into account. The grazing term depends on the measured
zooplankton concentration, the temperature and the zooplankton grazing rates. Al-
gal death rate is proportional to the water temperature. The sinking rate term
contains a refinement: the sinking rate increases for slowly growing algae popula-
tions e.g. older populations have a higher sinking rate than fast growing popula-
tions.

The rate equation for the internal nutrient storage is:

rate of change of internal nutrient storage = luxury consumption by algae -
contribution to cell synthesis.

The luxury consumption depends on the difference between internal and external nu-
trient concentrations and can be reduced by non-optimal light and temperature con-
ditions. The contribution to the cell synthesis is proportional with the internal
nutrient concentration and the specific growth rate of the algae.

For dissolved ortho-phosphate the rate equation is:

rate of change of dissolved ortho-phosphate = increase by death of algae -
increase by mineralization of settled algae + increase by excretion of zoo-
plankton - luxury consumption by algae - total effect interaction between
water and sediment - iron dependent reduction term.

Part of the internal phosphate storage of algae groups is returned to the water
body by algal death (autolysis). Also a fraction of the settled algae is returned
to the water body by mineralization, as well as a fraction of the grazed algae
by zooplankton which is returned to the dissolved ortho-phosphate pool by excre^
tion. Finally ortho-phosphate is removed from the water body by means of the com-
bined effect of settlement caused by decreasing flow velocities in an upstream direc-
tion, the exchange between water and sediment and the mineralization of other
phosphate sources. This combined effect is modelled as a first-order reaction. The
reduction of ortho-phosphate by dosing of iron is modelled as a first-order reac-
tion. The reaction constant is determined by calibration in the segment where the
iron dosing takes place. In the other segments of the basin the reaction constant
is supposed to be negligible.

In this way 7 coupled ordinary differential equations must be solved. Two differ-
ent time scales are involved in the system. A time scale of 6 hours for the phyto-
plankton growth and a much smaller time scale of about 20 minutes for the intra-
cellular dissolved nutrients. This means that a system of stiff differential equa-
tions must be solved. This system is integrated numerically with a Gear method
using self-adaptive step size. All input functions are smoothed with least square
spline functions in order to guarantee convergence in the self-adaptive algorithm.

Implementation of a flow model and coupling. The concentration of algae and nu-
trients along the Andelse Maas Basin is time and space dependent. Therefore the
basin was subdivided into a number of computational elements along the longitudi-
nal axis of the basin. In each element the concentration is influenced by:

o advective transport due to the residual flow
o dispersive transport mainly due to tidal mixing
o loads
o biological and chemical processes.

A one-dimensional model of the flow in the basin was developed, for the advective
transport. At 24 computational elements in the basin the flow was calculated by
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solving the continuity equation. The elements have a trapezoidal cross-section. By
integration over the tidal period only the residual current has been considered.
The water level in the basin is equal to the mean level of the river Meuse. The
residual flow is induced by the rate of change of the mean level of the river
Meuse and the discharges of the pumping stations.

For the mass-balance of algae and nutrients a number of the computational elements
has been joined to form a new computational element. In this way the basin has
been subdivided into 7 computational elements for the numerical solution of the
mass-balance equation. The center of each of these computational elements coin-
cides with the routine measuring sites of the Dune Water Works of The Hague. The
length of the elements varies between 1 km and 4 km.

The effect of tidal mixing has been modelled by dispersive transport. The trans-
port between the computational elements is proportional to the concentration gra-
dients and the absolute values of the local horizontal tidal velocities. As the
basin is open at the side of the river Meuse and closed at the water intake sta-
tion, tidal velocities and thus dispersion decreases in the upstream direction of
the basin.

In each computational element the time-varying numerical solution is calculated by
superposition of the solution of the MIDAS model for the biological and chemical
processes and the contributions of advective and dispersive transport together
with loads and withdrawals from the pumping stations.

Calibration and Verification, Because of its complexity the calibration of the
eutrophication model was performed in two steps. First chlorophyll-a was cali-
brated for one segment only. Calibration period for this segment was the year 1978.
Growth rate, sinking rate and death rate of the functional algae groups were cali-
brated and kept fixed for the rest of the investigations.

Ortho-phosphate was calibrated in a very special period, namely September till De-
cember 1979. The. reason for the choice of this period was that the iron dosing in-
stallation was out of operation for three weeks. This gave an excellent opportuni-
ty to calibrate the rate constant for the precipitation of ortho-phosphate within
the segment where the dosing station is located. Another advantage of this period
was the low biomass level, so there was no strong interaction between chlorophyll-
a and ortho-phosphate. Also the constant factor for the dispersion coefficient
was calibrated in this period.

During verification, the model performance was checked for an independent data set.
For this study the whole year 1978 was used as a verification period for all the
segments in the basin. Model results and observations compared very reasonably.

OPTIMIZATION OF THE IRON DOSING

The description of the iron dosing installation and the. choice of the flux of
dosed iron are given in an earlier section of this paper. Up till now two differ-
ent constant fluxes of iron have been used: 8 tons/day from 1976 to the end of
1981 and 4 tons/day from the end of 1981 to November 1983. An experiment without
iron dosing at all takes place in a period from November 10th 1983. The length of
that experiment will be in the order of some weeks, dependent on the hydrological
circumstances. After that period another experiment with a still further decreased
iron dosing of 2 tons/day will be carried out.

For environmental and for economical reasons a minimization of the yearly fluxes
of dosed iron should be achieved. The constraints in this optimization process are
the ortho-phosphate and chlorophyll-a levels obtained, A long term goal of the
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Andelse Maa.s study is the minimization of the iron dosing as a function of meteo-
rological and hydrological circumstances, given a certain water quality of the
river Meuse and the polder water pumped into the basin.

As a first step the relation between a constant flux of dosed iron and the result-
ing ortho-phosphate and chlorophyll-a levels have been investigated by calibration
with the eutrophication model.

Given a first-order ortho-phosphate reduction equation:

£•-»
where P = concentration of ortho-P in the segment with iron dosing

t = time
r = ortho-phosphate reduction factor,

by calibration the following values have been found for the Andel.se Maas Basin:

TABLE 1 Relation between Iron Flux and Ortho-P Reduction

Iron dosing Ortho-P reduction constant r
(tons/day) (per day)

8 "4.50
2.25

For the segments without iron dosing the value of r is set equal to zero. For the
year 1982 computations with i—values corresponding with no iron dosing at all, 4
tons of iron per day and 8 tons of iron per day have been carried out. The. results
are compared with each other and with the observations. The observations are
values corresponding with the actual iron dosing in 1982, which was a constant
value of 4 tons of iron per day.

Ortho-phosphate in mg P/l Chlorophyll-a in /J g/1

Fig. 7. 1982 Simulation of chlorophyll-a and ortho-P
for different iron dosing fluxes.
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The consequences of the shut down of the iron dosing installation are spectacular.
In the growing season maximum levels of about 100 micrograras of chlorophyll-a per
liter could be reached. Besides, outside the growing season ortho-phosphate levels
could reach concentrations which are almost equal to the original river Meuse
water.

The simulation also shows slightly increased chlorophyll-a levels if the iron dos-
inp, had been 8 tons/day in 1982 instead of the 4 tons/day which was actually used.
The calibration for a dosing of 2 tons of iron per day will take place during
early 1984.

Also the eutrophication model has been used to predict the behaviour of the ortho-
phosphate levels for some hypothetical cases, e.g. the development of the water
quality in the basin for a constant river Meuse level and no polder discharges
(a dry period). The only remaining factor for advective transport is the discharge
for the Dune Water Works of The Hague. In that case due to advective transport and
tidal dispersion it appears that at the water inlet the maximal rate of change for
the ortho-phosphate levels is about 0.01 mg/1 per day if the iron dosing installa-
tion, at a distance of about 9 km, is shut down or reactivated. This computation
also shows that it takes at least some weeks before, a catastrophe on the river
Meuse considerably influences the water quality at the water intake site.

Present investigations are focussed upon a more profound understanding of the re-
lation between iron dosing and the effects on ortho-phosphate and nutrient levels
(dose-effect relationship) and further time-dependent minimization of the amount
of iron dosing needed for sufficiently high phosphate reduction and algal control.

DISCUSSION

To counteract the consequences of eutrophication in the. presence of high phospho-
rus levels of the river Meuse, an artificial precipitation of phosphorus in the
Andelse Maas Basin is used with iron-II-sulphate. In practice this appears to be a
very effective way to control algal growth to acceptable, levels, this in contrast
to the summer of 1976 when dosing was not yet in full operation. At that time in
the water of the intake pumping station, the chloropbyll-a concentration reached
the value of 125 yg per liter. In this period the frequency of the washing process
of the rapid sandfilters had to be doubled. This was also necessary during a few
weeks in the summer of 1980, while the water of the inlet station had a Secchi
disc visibility of more than three meters, tn that case however, the shortened
filter run was caused by strongly increased zooplankton populations.

A mathematical model has been developed to describe and predict phytoplankton bio-
mass and ortho—phosphate levels as a function of space and time. Boundary values
for the model were the quality of the river Meuse and the quality of the dis-
charged polder water. Iron dosing was implemented in the model in such a way that
it was possible to quantify the influences of iron dosing on the quality of the
water being pumped to the dunes near The Hague.

It was of the utmost importance to know what would happen to chlorophyll-a and
ortho-phosphate levels in the basin if the process of iron dosing was completely
terminated for a considerable period. For this investigation the year 1982 was re-
calculated as a case study without iron dosing. Termination of the dosing
will result in unacceptable high phosphorus concentrations. In winter, concentra-
tions are to be expected of more than 0,50 mg ortho-P per liter, in water pumped
to the infiltration reservoirs in the dunes. Chlorophyll-a also reaches unaccept-
ably high levels in the growing season, maximum concentrations could be expected
of about 120 yg chlorophyll-a per liter. Predictions of the model with dosing of
4 tons of iron per day compared favourably with the observations of chlorophyll-a
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and ortho-P in that year. Finally, model predictions for that year showed only
slightly decreased chlorophyll-a levels for the case of dosing the full amount of
eight tons of iron per day.

Based upon model predictions, the Dune. Water Works of The Hague decided not to
terminate the iron dosing because of the possibly high risks for drinking water
preparation, Also it was decided to continue the experiments for the investigation
of the relationship between the amount of dosed iron and the water quality in the
basin for further optimization of the dosing strategy.

REFERENCES

Biermann, V.J. (1976). Mathematical model of the selective enhancement of blue-
green algae by nutrient enrichment. From: Modeling Biochemical Processes in
Aquatic Ecosystems R.P. Canale (ed.), Ann Harbour Science

Oskam, G. (1983). Curative measures in water bodies - Control of algal growth by
physical and chemical methods. Water Supply, Vol. 1, no. 7, pp. 217-228.

Maiwald, K.D. and Hoekstra, A.C. (1982). An eutrophication model for the Andelse
Maas Basin, H20__O_5)_, no. 20, p. 550-558 (in Dutch, with English Summary),



PRODUCTION OF PLANTS
AND ALGAE FROM
WASTEWATER



Wat. Sai. Tech. Vol.17, Amsterdam, pp.78W90.. 0273-1223/85 $0.00 + .50
Printed in Great Britain. Copyright © 1984 IAWPRC

TREATMENT OF AGRO-INDUSTRIAL
WASTES USING WATER HYACINTH

C. K. John

Rubber Research Institute of Malaysia, P. O, Box 10150, Kuala Lumpur,
Malaysia

ABSTRACT

In Malaysia lagoon systems have been successfully adopted by the natural rubber (NR)
and oil palm industries to treat their effluents. The possibility of using
Eichhornia crassipes (water hyacinth) in the lagoons to further improve the
treatment system was investigated. Good removal of pollutants from the block
rubber effluent was achieved using a hydraulic retention of 10 - 15 days. The
resulting effluent discharge was of acceptable quality. Water hyacinth also
markedly improved the quality of the effluent from the remilling rubber factories.
Consequently propagation of water hyacinth in the lagoons has been recommended.

Pilot plant trials with palm oil mill effluent (POME) have shown that water
hyacinth can be successfully grown in anaerobically digested liquor removing 96%
BOD, 87% COD, 96% suspended solids, 83% ammoniacal nitrogen and 97% oil and grease.
It also removed more than 99% of the indicative bacteria such as coliforms, E.coli
and Streptococci.

Under the Malaysian conditions, water hyacinth grew profusely yielding about 500 kg
of dry matter per ha per day. The average dry weight was about 5.0% and it
contained about 24% protein, 21% fibre and 14% ash.

KEYWORDS

Effluent, water hyacinth, natural rubber, oil palm, agro-industrial wastes, POME,
lagoon system.

INTRODUCTION

The natural rubber (NR) industry and the oil palm industry are the major sources of
environmental pollution in Malaysia. About 550 tonnes of Biochemical Oxygen Demand
(BOD) are generated per day from these two industries (John and Ong, 1982;
Maheswaran, 1982). The indiscriminate discharge of such a large volume of effluent
into the public waters has polluted most of the waterways, particularly rivers, in
Malaysia.
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The NR and oil palm industries have adopted various methods to treat the effluent
to accepted levels of discharge (John and Ong, 1982; Ma et al., 1982). Among them,
lagooning is the most popular as it is cheap, practical and~adaptable to the
tropical conditions that exist in Malaysia. Consequently, about 80% of the total
of 250 rubber factories and ISO palm oil mills have adopted the lagoon system.
Although the lagoon system is popular it has limitations, the treated effluent
still contains fairly high levels of solids, nitrogen and BOD.

Many workers have demonstrated the remarkable ability of Eichhornia crassipes
(water hyacinth) to grow under various conditions with excellent uptake of
nutrients and minerals. Grown in domestic sewage, water hyacinth produced about 18
tonnes of wet biomass per ha per day or about 210 tonnes of dried plant material
per ha per year (Wolverton and McDonald, 1976) . The doubling time varied from 6
to 20 days depending on the locality, climatic conditions and the nutrient status
of water bodies (Brij Gopal and Sharma, 1981). Wolverton and McDonald (1975)
reported an increase in surface area by 8% everyday.

Recently water hyacinth has been reported to be used for wastewater treatment. It
reduced suspended particles, phosphorus and other nutrients, redox potential, BOD,
Chemical Oxygen Demand (COD), turbidity, faecal coliform bacteria and organic carbon
content (Schultze, 1944; Miner, 1972; Rao e£ a^., 1973; Dunigan et̂  a^., 1975;
John, 1983). ~~

This paper reports the possible use of water hyacinth to reduce the pollutants in
rubber factory and oil palm mill effluents.

PROCESSING OF NR AND PALM OIL

NR Process

The raw materials used in NR process are field latex, cuplump, sheet etc. A
schematic representation of the process is given in Figure 1.

The combined volume of effluent produced by the NR factory is about 30 1 per kg of
dry rubber produced. The properties of the final discharge of a block rubber
factory given in Table 1 show that it is many times more polluting than the
domestic effluent,

TABLE 1 Properties Of The Raw NR Effluent and POME

Property* NR effluent POME

BOD
COD
Total solids
Suspended solids
Ammoniacal nitrogen
Total nitrogen
Oil and grease
pH

1450
2520
1480
920
120
165
-

5.5

25,000
53,630
43,635
19,020

35
770

8,370
4.1

*A11 properties except pH are expressed as mg/1.
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Fig. 1. NR processing showing sources of effluent

Palm Oil Process

The raw material used in the palm oil mill is the palm fresh fruit bunches. A
schematic representation of the process is given in Figure 2.

Three main wastes contribute to the final discharge. They are:

o Steriliser condensate, amounting to about one tonne/tonne of oil produced,

o Hydrocyclone wastes, amounting to about 0.2 tonne/tonne of oil produced; and

o Separator sludge, amounting to about 1.5 tonnes/tonne of oil produced.

Thus the total volume of effluent produced is about 2.7 tonnes/tonne of oil
produced. The properties of the mixed effluent given in Table 1 show that palm
oil mill effluent (POME) is much more polluting than the NR effluent.

USE OF WATER HYACINTH

Since lagooning did not adequately remove the pollutants, particularly the solids
and the nitrogens, investigations were carried out to find out whether water
hyacinth could be grown in the lagoons to purify the effluent further. Laboratory
trials were carried out using concrete tanks having a depth of 30 cm and
containing up to 120 1 of effluent. When higher depths were required special

JMST AMSTERDAM 2-x
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Fig. 2. Palm oil extraction process



Treatment of agro-industrial wastes using water hyacinth

concrete tanks were obtained for the purpose.

785

The effluent used for the laboratory studies was from a block rubber factory,
Large scale trials were carried out at remilling factories which produced a much
diluted type of effluent.

With regard to POME, only pilot scale trials were carried out using partially
digested liquor drawn from a lagoon treatment system of a commercial plant. A
schematic representation of the treatment system is given in Figure 3.

POME - ^
De-oiling

Tank

Facultative Lagoons

5
k

2
1 <"

1

f

Final Discharge

fit ^
Cooling and

Mixing Lagoon
Acid Lagoon

A Recycling of
T digested liquor

Secondary
Anaerobic
Lagoon

f

Prima
Anaero
Lagoo

ry
h-i i-

a

t

Bottom Sludge to Sand Beds

Fig. 3. Layout of the lagoon treatment of POME

NR Effluent

Optimising the hydraulic retention. In order to optimise the hydraulic retention
time water hyacinth was grown in undiluted raw effluent using retention times
ranging from 2 to 15 days. Satisfactory results were obtained from 10 day
retention and above (Table 2). With 10 day retention 85% BOD, 80% COD, 88%
suspended solids, 50% ammoniacal nitrogen and 53% total nitrogen were removed. By
increasing the retention to 15 days further removal was observed.

Similar trials were also carried out with diluted raw effluent but there was no
benefit in diluting the effluent prior to treatment.

Effect on effluent depth. To investigate the effect of the depth of the effluent
column on removal efficacy, water hyacinth was propagated as previously described
but using three different depths - 30 cm, 60 cm and 120 cm. The retention time
was fixed at 10 days and the experiment was carried out using undiluted raw
effluent. Best results were obtained with 30 cm depth. At 60 cm the removal was
still satisfactory although slightly less than that obtained from the lower depth.
But at 120 cm depth fairly marked reduction in efficiency was observed with all
parameters.

Effect on bacterial populations. The effect of water hyacinth on the bacterial
populations of the effluent was also investigated. Marked reduction in coliforms,
E.coli and streptococcal populations was observed; more than 99% removal was
recorded in all the three types of indicative bacteria.

Effect of pH on the plants. Water hyacinth was grown at pH ranging from 3.0 to
8.0. Growth was best observed at a narrow range of pH 5.0 - 7.5. At pH 3.0, 3,5
and 4.0, the seeded plants died within a few weeks. At pH 4.5, the plants



TABLE 2 Effect Of Growing Water Hyacinth In NR Effluent

Parameter*

BOD

COD

Total solids

Suspended solids

Ammoniaca1
nitrogen

Total nitrogen

pH

Raw
effluent

1430

2480

1420

810

100

150

5.20

15

Discharge

80

280

610

90

30

50

6.85

Hydraulic retention time

10

Reduction D i s c h a r g e Reductior

94.4

88.7

57.0

88.9

70.0

66.7

-

220

490

860

100

50

70

6.73

84.6

80.2

39.4

87.7

50.0

53.3

-

(day)

5

Discharge

370

770

1180

170

90

110

6.83

Reduction
%

74.1

69.0

16.9

79.0

10.0

26.7

-

*A11 parameters except pH are expressed in mg/1.

I
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although surviving, were often weak and yellowish. However, lush growth was
observed at pH 5.0 and above.

Yield of water hyacinth. The plants were harvested from treatment run at
optimum conditions of" operation. Harvesting was carried out at fortnightly
intervals. The average dry weight of the plant varied from 4.8% - 5.2%, The
yield worked out to be about 500 kg of dry plant material per ha per day.

The dried material was analysed using standard methods. Water hyacinth dried at
60°C for two days contained 24.2% protein, 3.8% nitrogen, 1.1% phosphorus, 5.0%
potassium, 1.1% calcium, 0.5% magnesium, 21.3% fibre, 0.8% sugar and 14,2% ash.

Palm Oil Mill Effluent (POME)

For the pilot plant trials digested liquor was collected from the primary
anaerobic lagoon (Figure 3). Water hyacinth was propagated using a hydraulic
retention varying from 10 to 25 days. The experiment ran for about four months
after all the treatments had reached steady state. Samples were taken for
analysis fortnightly. The results are shown in Table 3.

TABLE 3 Effect Of Growing Water Hyacinth In
Partially Digested POME Liquor

Raw
Hydraulic retention time (day)

PH
BOD
COD
Suspended
solids

Total solids
Total nitrogen

Ammoniacal
nitrogen

Oil and grease

effluent

6.49
4980
8850

3560

8210
285

120

660

10

7.49
660
2060

550

5550
140

55

25

20

7.98
310
1500

450

4690
80

25

30

25

8.08( - )
180(96.4)

1120(87.3)

140(96.1)

4540(44.7)
65(77.2)

20(83.3)

20(97.0)

*A11 parameters except pH are expressed in mg/1.
The figures in brackets refer to percentage reduction.

Good removal of pollutants was obtained with 25 day retention. In addition more
than 99.0% of coliforms and E.coli were removed. Although some removal was
obtained even with shorter retention time, the growth of the plant was not so
healthy as in the case of 25 day retention trial.

NR Factory Trials

Two NR remilling factories were selected for large scale trials, each producing
about 20 tonnes of dry rubber and generating about 1 million litres of effluent
per day. Both factories had similar lagoon treatment system with about 12 - 15
day hydraulic retention. The depth of the lagoon was about 2.5 metres. Prior to
the introduction of water hyacinth the lagoons were in operation for about two
years. The effect of water hyacinth on the treatment efficiency of the lagoon
system is shown in Table 4.



TABLE 4 Effect Of Water Hyacinth On The Properties Of The NR Effluent

00
00

Parameter*

Property of the final discharge

Raw
effluent Without water hyacinth

Reduction
Value

With water hyacinth

Reduction
Value

pH 6.10

BOD 160

COD 380

Total solids 700

Suspended solids 255

Ammoniacal nitrogen 20

Total nitrogen 30

6.50

65

220

475

105

15

25

59.4

42.1

32.1

58.8

25.0

16.7

7.20

17

130

195

30

6

15

-

89.4

65.8

72.1

88.2

70.0

50.0

Regulatory
standards
for
discharge

6 - 9

50

400

100

40

60

o
as

*A11 parameters except pH are expressed in mg/1.
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No difficulty was experienced in propagating the plants; the entire lagoon was
filled in two to three months. The plants were harvested on a regular basis.

DISCUSSION

In Malaysia, lagooning has been found to be quite popular in treating the effluents
from NR and oil palm industries. Provided there is sufficient land, it is a
simple, practical and inexpensive treatment method. Consequently about 80% of the
agro-industry has already adopted this treatment system (John and Ong, 1982).
However, lagoon system has many drawbacks. The large area of land required makes
it unsuitable for factories located in the near urban and other developed areas.
Further, the removal of nitrogen and solids is not all that satisfactory.

Water hyacinth is capable of growing profusely in rubber effluent without prior
digestion or dilution. With a 15 day retention a major part of the pollutants was
removed under the laboratory conditions of operation. When the trials were
subsequently extended to commercial scale operation equally good results were
obtained. From these experiences water hyacinth has been recommended to other
similar factories to improve the quality of their effluents.

The pilot plant trials carried out show that water hyacinth can also be used in
the treatment of POME. Since the organic load of POME is extremely high (about
25,000 mg/1 BOD) it has to be partially digested before water hyacinth can be
expected to grow in it. Using about 25 - 30 day retention 96% BOD and suspended
solids, 77% total nitrogen, 83% ammoniacal nitrogen and 97% oil and grease have
been removed. These pilot plant trials also show that water hyacinth can be
propagated in the POME effluent without much difficulty.

An added advantage of the water hyacinth system was that it markedly reduced the
indicative bacterial populations; more than 99% of the organisms were removed from
the system as a result of the treatment. This is an important matter for
consideration, especially if the treated effluent is discharged into waterways
used for recreational or domestic consumption.

The yield of water hyacinth in these trials was about 500 kg of dry matter per ha
per day and it was comparable to the yield obtained by other workers (Wolverton
and McDonald, 1976). The resulting biomass can be used as compost or mulch
(Kamal and Little, 1970), animal feed (Easley and Shirley, 1974) or it may be
converted into methane through anaerobic digestion (Wolverton et al., 1975),
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ABSTRACT

The implementation of algal systems as a viable wastewater treatment option has
been seriously limited by the availability of cost effective techniques for
removing algae from the effluent stream. In this study, the problem of biomass
separation was overcome by the selective cultivation of algae species which could
be removed effectively by simple screening. The selection of desired species was
achieved by a combination of short hydraulic space time and various size micro-
screens operating as algae selectors on the effluent stream, A high rate algae
growth system, in which the mean cell residence time and hydraulic space time
could be manipulated independently, was developed.

With humus tank effluent as feedstock, a hydraulic space time of 10 hours and a
200 ym opening size crossflow-microscreen, the filamentous green algae, Stigeo-
alonivm, became the dominant species. This selected culture could be readily
maintained at any predetermined concentration in the system with less than 20
mg/2 suspended solids in the effluent. The biomass produced was exceptionally
easy to harvest.

KEYWORDS

Algal selection; algal harvesting; crossflow-microscreening; StigeocIonium.

INTRODUCTION

The role of photosynthetic aquatic micro-organisms in the treatment of waste-
waters has been beneficially exploited for many years (Stander ĵ t aJ_., 1970;
Dinges, 1982). Stabilization pond systems and more recently high rate ponds are
preferred methods of wastewater treatment and biomass production in many regions
of the world. Although pond systems are noted for their relatively low capital
and operational costs, a disadvantage often cited is their inability to meet
effluent standards. The demand to comply with increasingly stringent standards
and the difficulties experienced in separating algal biomass from the effluent
stream, may necessitate the installation of sophisticated and costly equipment to
ensure an acceptable effluent quality (Middlebrooks et al., 1974; Dinges, 1982).
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In the past, efforts have been focused primarily on the development o£ cost
effective methodology for the removal (or harvesting) of algae flourishing
naturally under prevailing conditions in pond systems. Although significant
advances have been made in these techniques, the cost of harvesting is generally
found to be prohibitive. The desirability of cultivating and maintaining readily
harvestable algae is apparent. In recent years, considerable interest has been
shown in the artificial enhancement of selected species. Generally, three
diverse approaches have been proposed: (a) The adjustment of growth medium
composition or characteristics to favour the growth of specific species. Atten-
tion may be drawn to the enhanced cultivation of Spirulina, a helicoidal blue-
green bacterium noted for its harvestability and high protein content (Durand-
Chastel, 1980; Dinges, 1982). (b) Creating growth conditions that encourage
the phenomenon of algal autoflocculation. Algal floes demonstrate good settling
properties and are readily removed by sedimentation (Bogan et_ al_., 1960; McGriff
and McKinney, 1972; Doran and Boyle, 1979; Bokil and John, 1981). (c) The en-
hanced cultivation of a favoured species by selective microscreening of the
effluent and recycle of the screened biomass to the pond. Benemann et_ al.
(1980), proposed this mechanism for the cultivation of Osoiltatoria, a filamen-
tous blue-green bacterium. Although the technique assisted in establishing a
harvestable culture, the mode of operation could not prevent development of the
colony forming species Micraatinim. The system ultimately failed due to the
seasonal breakdown of the colonies.

Since the first two approaches, as outlined above, rely upon physiological
requirements or conditions of the algae, the control of such systems may pose
operational difficulties in a practical installation. Consequently, the simpler
mechanical method of microscreening was investigated as a technique for the
selection and maintenance of a harvestable algal culture.

THEORETICAL CONSIDERATIONS

In the mathematical modelling of suspended growth biological wastewater treatment
systems, two general reactor configurations are commonly considered, namely,
'continuous stirred tank reactors' (CSTRs) without cell recycle and CSTRs with
cell recycle (Grady and Lim, 1980).

In operating a reactor without cell recycle, the 'specific growth rate' (y) of
the microorganisms is controlled by the 'hydraulic space time' (0). In this case
p is equal to the inverse of 0 and may be increased by reducing the hydraulic
space time in the reactor. For such a system there exists a 'minimum hydraulic
space time' (0 . ), corresponding to the maximum growth rate of the culture
under that particular set of conditions. Thus, if 0 is reduced beyond 0
the maximum growth capabilities of the microorganisms is exceeded and the culture
is washed out of the system. The conventional high rate algal pond may be
considered a CSTR without cell recycle. In this instance, 0 is commonly in
excess of 3,5 days and accordingly most algal species are capable of growth
within the system (Canale and Vogel, 1974).

In the case of a CSTR with cell recycle, u is controlled by the 'mean cell
residence time' (0x) and is independent of 0. This implies that, providing 0
is chosen within the growth capabilities of the particular microorganisms, the
reactor can be operated with any 0 without the loss of culture. In such a
system 8 , and hence \i, can be manipulated by wasting cells from the reactor. An
increase in cell wastage rate results in a reduced 0 and a corresponding
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increase in y. The success of the system is reliant upon the ability to separate
cells from the effluent stream in order to maintain a desired reactor cell
concentration independently of 0.

In respect of algal systems, it would be desirable to create conditions which
preclude the growth of unicellular algae while operating as a CSTR with cell
recycle for desired harvestable species. It was considered that this dual
function could be achieved using microscreens. If a CSTR were fitted with an
effluent microscreen and inoculated with a mixed culture of unicellular and
filamentous algae, the following theoretical observations should be valid:
(a) If the microscreen opening size is less than the smallest unicellular algae,
no selection of species will ensue. (b) If the microscreen opening size is
larger than the smallest unicellular algae, but smaller than other filamentous
forms, the microscreen will operate as a CSTR without cell recycle for the
unicellular algae and as a CSTR with cell recycle for the filamentous species.
Thus, if a relatively long hydraulic space time is chosen, the effluent will
contain predominantly unicellular algae, with few, if any, filaments. If how-
ever, the hydraulic space time is selected such that 0 is less than the 0 m i n for
the unicellular algae, the unicellular content in the reactor should decline and
only micro-organisms larger than the chosen microscreen opening should generate
in the system, ultimately yielding an algae-free effluent. As previously
discussed, cells would have to be wasted (harvested) from the system to maintain
0 and the biomass concentration within practical limits. It should thus be
possible to exert full control over the system.

Against this theoretical background, two studies were initiated to determine:

(a) Whether the mechanisms predicted by theory hold true for the differential
selection of harvestable algae by microscreening.

(b) The reliability of a microscreen algal system to achieve and maintain an
effluent of low suspended solids.

EXPERIMENTAL

Experimental Procedure to Determine Microscreen Selectivity

Reactor configuration. Each experimental unit consisted of a 600 x 300 x 250 mm
deep (45£) fibreglass reactor, provided with a 50 rpm mixer, influent supply and
constant level overflow weir. The overflow weir comprised a 34 mm I.D. 'T' piece
covered with the appropriate opening size polyester microscreen (ZBF Technical
Fabrics, Zurich). To prevent undue clogging the mixer blade was placed within
12 mm of the microscreen surface in an effort to emulate self-cleaning crossflow-
microscreen operation (Schneider and Klein, 1982), Mixing was continuous and of
sufficient intensity to ensure total suspension of the culture. A typical experi-
mental unit is shown schematically in Figure 1.

Experimental layout. In order to achieve adequate illumination, the study was
conducted outside. Four identical reactors, fitted initially with 50um opening
size microscreens were positioned beneath a transparent fibreglass roof. Al-
though transmitted light was attenuated by approximately 35%, the reactors were
protected from direct rainfall without unduly influencing environmental tempera-
ture fluctuations.
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Crossflow - Microscreen
and Effluent Weir Arrangement

50 rpm Paddle Mixer
i i12mm

Microscreen Attached
to 34 mm I.D. T Piece

SECTION

Fig. 1. Schematic layout of reactor for determining microscreen selectivity

Inocula.. To ensure species diversity, samples of suspended and benthic algae
were abstracted from various localities. The inoculum for each reactor was as
follows:

(a) Reactor 1 - 250 mi composite sample of benthic growth from the outlet
channel, discharge hopper and wall of a biological trickling filter treating
domestic sewage.

(b) Reactor 2 - 5 £ sample of suspended culture from a high-rate algae pond
treating domestic sewage. Benthic scrappings from the channel walls and
mixer paddles were added to the sample.

(c) Tank 3 - 250 m£ composite sample of benthic scrappings and suspensions from
the effluent storage tank and secondary clarifier of a biological nutrient
removal activated sludge plant.

(d) Tank 4 - 5 I sample from a static maturation pond, receiving intermittent
discharges of humus tank effluent. Benthic growth was not apparent.

Prior to inoculation the reactors were filled to working capacity with feedstock.

Feedstock. Humus tank effluent (HTE) from the adjacent Pretoria sewage treatment
works was used as nutrient feed for the four reactors.

System operation. To provide a period of biological adaptation, no influent was
supplied to the reactors for four days subsequent to inoculation. The reactors
were continuously mixed during this adaptation period. Thereafter the feedstock
was commenced on a diurnal cycle; HTE being supplied for 10 hours daily at a
rate to provide a hydraulic space time in each reactor of 10 hours.

Progressive increase in opening size of microscreens

Due to persistent clogging of the 50 ym opening size screens, the screens on all
four units were progressively replaced with larger size opening microscreens
until a screen opening was found where no further clogging occurred. The 50 um
opening size microscreens were replaced after 3 days operation with 80 ym opening
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size microscreens which clogged after 5 days. These screens were again replaced
by 200 ym opening size microscreens after which no further clogging problems
occurred.

Sampling. Samples of the feedstock, reactor contents and effluents were taken
for total suspended solids (TSS) analysis and microscopic observations.

Experimental Apparatus for Establishing the Reliability of a Crossflow-Micro-
screen Algal System "~

Reactor configuration. A 650& capacity, opaque fibreglass oval channel, was
equipped with a 44 mm I.D. overflow weir, cell wastage pump, influent supply and
a 20 rpm longitudinal paddle mixer. The overflow weir was positioned to enhance
self-cleaning operation of the microscreen. The experimental unit and ancillary
equipment is shown schematically in Figure 2.

20 rpm Longitudinal Paddle Mixer

300mm

ELEVATION Overflow Weir Arrangement

3430mm

300mm

Microscreen —^r,—II—

PLAN
Fibreglass Oval Channel

Cell Wastage Line

Fig. 2. Crossflow-microscreen algal system

System operation. The reactor was filled to working capacity with HTE, fitted
with a 200 ym opening size microscreen and inoculated. The inoculum comprised
30 I of culture withdrawn from reactor 4 on termination of the previous study
The HTE feedstock was supplied diurnally for a 10 hour period with a hydraulic
space time of 10 hours. Mixing was continuous and provided a channel velocity of
0,25 m/s; sufficient to maintain the entire culture in suspension. The cell
wastage pump was operated on a 5 min cyclic timer and was set to abstract approx-
imately 100 £ of the channel contents over a 24 hour period. In order to quan-
tify cell residence time it was assumed that growth only occurred during the 10 h
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operating period and thus the selected cell wastage rate corresponded to an algal
mean cell residence time (0 ) of 2,7 days.

The system was operated in the above manner for a period of 2 months.

ANALYSIS

Microscopic Observations

Semi-quantitative estimates of percentage by volume for dominant and readily
identifiable algal species were made on a regular basis using a conventional
light microscope.

In order to illustrate specific observations, photomicrographs were taken using
both the light microscope and scanning electron microscope (SEM). Samples for
the SEM were prepared in formaline acetic acid (Claassens, 1983) and were fixed
for a period of three weeks prior to viewing.

Physical Analysis

Total suspended solids (TSS) determinations were undertaken on the influent,
reactor contents and effluents in accordance with Standard Methods (1980).

RESULTS

Experiment to Determine Microscreen Selectivity

Species composition of inocula. The approximate percentage by volume of dominant
and readily identifiable species in the inocula, based on microscopic observa-
tions is presented in Table I.

TABLE 1 Estimated Species Composition (%) of Organisms in Inocula

Species

Osoillatoria
Diatoms
Protozoa
Unicellular algae
Stigeoalonivm
Seened&smus
Mi oractinium
Ulothrix

Species composition-Percentage by volume

Reactor 1

5
3

observed
2

90

Reactor 2

2
1

observed
2

observed
observed

95
observed

Reactor 3

85
3
2
10

observed
observed

Reactor 4

5

95

Clogging of microscreens and progressive increase in opening size. Although an
effort was made to enhance self-cleaning operation of the effluent weir micro-
screen, it was found that the 50 ym opening size screen on all four reactors was
substantially clogged after the first three days of operation. This initial
clogging was caused by amorphous chemical precipitates and ill defined biomass as
shown in Figure 3. Although screening was improved by the 80 ym opening size
microscreen, this eventually also clogged primarily due to random clumps of
diatoms and diatom attachment to the polyester fibres as shown in Figure 4.
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The use of a 200 ym opening size microscreen on the effluent weirs reduced the
clogging potential dramatically. No evidence of clogging was observed in any of
the reactors after the 13 day operating period.

Fig. 3. Clogging of 50 um open- Fig. 4. Clogging of 80 um open-
ing size microscreen with chemical ing size microscreen with diatom
precipitates agglomerates

Culture development. As predicted by theory, unicellular algae could not main-
tain themselves under the operating conditions exerted on the system and were
washed out even with the smallest microscreen used (50 ym opening size). The
larger colonies of Mievaetinium were however partially retained by the 80 ym
microscreen and predominated in Reactor 2. The partial selection exerted by this
screen was reflected in an erratic effluent quality due primarily to the periodic
release of irregular agglomerates and single cells of M-ioraatinium, The peak TSS
in the effluent measured during this phase was 90,7 mg/£.

Reactors 1,3 and 4 operating with 80 ym microscreens demonstrated a more consis-
tent effluent quality with an average TSS of 16,2 mg/£. However occasional TSS
peaks in the effluent of as high as 25 mg/£ were noted.

The effluent quality from all reactors improved significantly during operation
with the 200 ym microscreens. The average effluent TSS was found to be 12,4 mg/i
after 5 days' operation, declining to 6,6 mg/£ after a further 8 days. No ex-
cessive peaks of TSS were noted in the effluent.

During the course of this study a predominantly filamentous culture identified as
Stigeoaloniim was developed and maintained in all four reactors, regardless of
the initial inoculum composition. The changes in species composition of the
various inocula with changes in microscreen size openings and time are shown in
Figures 5,6,7 and 8.

With the change in culture predominance, an interesting phenomenon was observed;
large aggregates, (300 to 500 ym in diameter), comprising mainly diatoms, formed
in the reactors. The diatom agglomerates appeared to form nuclei for the develop-
ment of Stigeoolonivm and Vovtiaella (Fig. 9). Eventually the diatom masses were
completely engulfed in Stigeoaloniwn growth as shown in Figure 10. The structure
and size of these tuft-like colonies were such that minimal filaments or indivi-
dual diatoms were released in the effluent.
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Fig. 8. Development of filamentous algae culture - Reactor 4

500/im

Fig. 9. Diatom nucleus formation
with primary growth of Stigeoclonium

Fig. 10. Tuft-like colony of
Stigeoeloniim

Harvestability. With a fully developed culture of predominantly Stigeocloniim,
it was found that biomass harvesting could be undertaken with ease. Simple
screening of the reactor contents with a 100 urn sieve yielded a thick algal mat
that could be physically lifted from the sieve (see Figs. 11 and 12). The solids
content of the algal mat was found to be 7,5%, this could be increased to approx-
imately 21% by low pressure squeezing (Figs. 13 and 14).

Reliability of a Crossflow-Microscreen Algal System

In the continuously operated channel fitted with a 200 Mm opening size micro-
screen, no clogging of the screen was observed after 8 weeks of operation. The
equivalent hydraulic loading rate across the microscreen was 59,5 m ^ m " 2 ^ " 1 .
The TSS in the reactor stabilized at 310 mg/A. Effluent quality was consistent
with an average TSS of 12 mg/£ and a peak of 21 mg/£.

JUST AMSTERDAM 2-Y
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Fig. 11. Harvesting of algal biomass
with a 100 ym sieve

Fig. 12. Removal of algal mat from
harvesting sieve

Fig. 13. Solids content increased by
low pressure squeezing

4

Fig. 14. Rigidity of harvested
algal biomass

DISCUSSION AND CONCLUSIONS

Benemann et al. (1980) considered the use of microscreens as a mechanism for the
selective cultivation of harvestable algae. The system failed for two main
reasons. Firstly, although the 26 Mm opening size microscreen used was suffi-
ciently large to permit the passage of most unicellular algae, the opening size
was small in comparison to the colony form of M'iapaot'inivm. The colony structure
of Miaraotin-ium is unstable and accordingly, individual cells and clumps of cells
(smaller than 2 6 pm in diameter) were lost in the effluent. A similar observa-
tion was made during the present study with an even larger opening size micro-
screen of 80 ym. Secondly, the choice of 8 in excess of 3 days was more than
adequate to permit the sustained growth of almost all algal species without
washout in a CSTR (Canale and Vogel, 1974). Thus, using a relatively small
opening size microscreen of 26 ym and a 0 in excess of 3 days, the system could
not operate in the selective manner intended.
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In the present study, a 0 of 10 hours was selected. When microscreens with
opening sizes of 50 and 80 ym were used, a degree of culture selection occurred
but an erratic effluent quality was produced. These microscreens clogged fre-
quently with either chemical precipitates or diatoms (Figs. 3 and 4). When a
200 ym opening size screen was used the system operated in a truly selective
manner as predicted by theory and eventually yielded from different inocula
(Table I), predominantly filamentous and readily harvestable algae cultures as
shown in Figures 5, 6, 7 and 8. As expected the rate of filamentous algae
development depends upon the composition of the initial inoculum. The overall
dominating filamentous StigeoaZonium species reached and sustained its dominance
within 17 days when an inoculum of predominantly Stigeooloniwn was used (Fig. 5).
The rate of development of StigeoeZonium was substantially reduced, however, when
a high proportion of another filamentous organism, Osaillatoria was initially
present. Oaaillatoria, a filamentous blue-green bacterium was observed to form
flocculant clumps of cells which played a significant role in retaining this
organism in the reactor. This species was eventually lost due to the segmenta-
tion of the filaments and their subsequent washout. This decline in relative
concentration is shown in Figure 7.

The combined effect of a relatively large opening size microscreen of 200 ym and
the crossf low_ microscreening principal allowed filtration rates in excess of
59 m3.m~2.h "'. It is likely that this rate may be increased further, thus
reducing the screen area for large-scale applications.

The reliability of the crossflow-microscreen algae selection system has been
established. Operating a system (Fig. 2) with an average 0 of 10 hours and 0^
of 2,7 days, a predominantly StigeoclorvLwn culture was maintained without dete-
rioration of the culture or the TSS in the effluent. The simple method of
crossflow-microscreening selected and maintained an algae biomass that presents
no difficulty in harvesting by simple screening techniques (Figs. 11 and 12).
This particular algae culture dewatered quite easily to a dry solids content in
excess of 20% (Figs. 13 and 14).

A variety of applications in the wastewater treatment field of this method of
selective cultivation of microorganisms by means of crossflow-microscreening are
envisaged. Stigeoclordum is notable for its capacity of removing plant nutrients
(Bogan et_ a U , 1960; Rosemarin, 1982). The potential application of a Stigeo-
olon-Cwi dominated algae culture for the removal of plant nutrients from secondary
wastewater effluents as well as the production of a protein rich animal feed is
apparent. The principle of the selective cultivation of harvestable microorga-
nisms by means of crossflow-microscreens could also be further applied to bacter-
ial and combined bacterial/algae systems for a highly cost effective system for
the complete treatment of wastewater.
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ABSTRACT

Waste water treatment and recycling facilities are becoming increasingly
necessary in arid zones, especially in the light of the shortage of conventional
water sources. The simultaneous treatment of waste water and the production of
duckweed in a pond system, as an alternative protein source, is an attractive
proposition for solving the feed and water shortage problem.

Outdoor experiments conducted in mini-ponds showed that duckweed ponds may be
highly competitive with existing secondary treatment methods. The duckweed
biomass, with a crude protein content of above 30% (dry weight), may be used as
an alternative source for animal feed. The ease of the duckweed harvesting
makes the system even more economically attractive.

The work describes the basic outdoor biotechnology aimed at eliminating the
superior organic loading in the pond as given by the ratio of COD and NHj in the
raw domestic sewage. This ratio was examined in respect to the retention time
of the wastes in the ponds and protein production by the floating vascular plant
biomass.

KEYWORDS

Waste water; recycling; duckweed; protein; nutrients; effluent.

INTRODUCTION

In developing marginal water sources in arid areas, there must be a very careful
assessment of the benefits, environmental impacts and cost of the alternative
systems. The implementation of advanced water reuse technology becomes
economically more attractive and advantageous in cases when additional benefits,
apart from the treatment, can be expected from the waste water purification
process.

The concept of aquaculture implementation for waste water treatment and
recycling has received increased momentum over the past few years. It is
believed that aquaculture methods can simultaneously solve the environmental and
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sanitary problems and may also be economically efficient (Bastien and Reed,
1979; O'Brien, 1981).

There are three major aquatic plants which are currently being examined, on
different scales, for the various phases of waste treatment. The implementation
of the plants depends mainly on local environmental conditions, required quality
of the effluent and the cost of treatment. Criteria of the effluent quality
include the removal of organic matter as expressed by the residual BOD5,
suspended solids (SS), trace organics, heavy metals, nitrogen, phosphate and the
dissolved oxygen (DO) concentration. The overall return of waste treatment can
be improved in cases where additional alternative sources of water, protein,
energy or other raw materials for the food and chemicals industries are produced
during the process.

Microscopic algae and other unicellular organisms are grown in many variations
of oxidation ponds (Oswald, 1973; Kott et al., 1978; Mara and Silva, 1979;
Goldman, 1979; Finney and Middlebrooks, 1980). In the various sewage treatment
plants the oxidation ponds yield good results in the sense of the effluent
quality. In the framework of decreasing the treatment cost, high-rate oxidation
ponds were introduced (Oswald, 1973; Shelef et al., 1980; Oron and Shelef,
1982). The harvested alga of the high-rate oxidation ponds are used as an
alternative protein source for chicken, fish and pig feed (Shelef et al., 1978;
Tel-Or et al., 1980; Mokady et al., 1980; Ukeles, 1980; Lipstein and Hurwits,
1980). The broad implementation of high-rate oxidation ponds is still limited
because of the relatively high expenses for algae harvesting and drying (Golueke
and Oswald, 1965; Vivlers et al.f 1980; Oron and Shelef, 1982).

The implementation of water hyacinths (Eichhornia crassipes) for waste water
treatment is mainly derived from the difficulties in getting rid of the plant
(Dinges, 1976; Bastian and Reed, 1979), at least in areas where it grows
naturally. Water hyacinth systems are capable of removing high levels of B0D5,
SS and nitrogen, and significant removal of refractory trace organics. Removal
of phosphorus is limited to the plant needs and regularly will not exceed 50% to
70% of the phosphorus contained in the waste water (Dinges, 1976; Bastian and
Reed, 1979). Nutrient removal in water hyacinth systems is slowed down in cold
climates because of the plant sensitivity to low temperatures. The advantages
of growing water hyacinths for waste water treatment is offset in most cases by
the high cost of the plant harvesting and processing of the valuable
by-products, such as biogas or fodder for animal consumption. There are also
indications that water losses due to evaporation in water hyacinth systems are 3
to 5 times larger than in free surface ponds (Benton et al., 1978).

Another restriction related to water hyacinth growth relates to the mosquito
problem. The large volume porous foliage of the plants above the water surface
produces excellent conditions for mosquito larva development. This might later
turn into an ecological obstacle.

Duckweed plants are more tolerant to cold than the water hyacinth, and are much
more easily harvested than algae (Culley and Epps, 1973; Porath et al., 1979).
Protein content in duckweed is at least 30% of dry weight (TABLE 1), much higher
than in water hyacinths, although less than in algae. The spectrum of amino
acid in duckweed plants with regards to lysine and methionine is much better in
comparison to other plants (Rusoff et al., 1980; oron et al., 1982).
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TABLE 1 Comparison of Annual Protein Content (g per 100 g
dry matter) of Duckweed and Selected Crops (From:
Culley and Epps, 1973; Boyd, 1974; Payer et al., 1980)

Crude Fat Fiber Ash
Protein

Duckweeds (dry)
Soybeans (dry seeds)
Cottonseed (dry)
Peanuts with skin
and hulls (dry)
Alfalfa hay (sun cured)
Water Hyacinth (dry)
Algae (Scenedeanus sp.)

37.0
41.7
24.9

23.6
17.0-15.9
"15

50.0-56.0

5.0
19.2
24.7

37.9
1.9
3.6

12.0-14.0

7.5
5.8

18.2

21.1
30.6
28.7

3.0-10.0

11.0
5.4
3.8

3.2
9.9
18.0

6.0-10.0

This work is focused on examining the possibility of growing duckweed plants for
secondary treatment and recycling of domestic sewage. This approach was chosen
to exemplify the inherent differences in duckweed systems with various organic
loadings. The specific objectives were to compare:

1. The superior duckweed species for the treatment process.

2. The related preferred organic loading as expressed by the ratio between COD
and NH^ in the raw sewage yielding the maximal biomass and best effluent
quality.

3. The preferred retention time yielding maximal protein production rate.

THE DUCKWEED PLANTS

General Characteristics

Duckweeds are known as a world-wide spread family (Lemnaceae) of floating
monocotyledons. The family consists of 4 genera: Lemna, Spirodela, Wolffia
and wolffiella. They are counted among the most vigorously growing plants on
earth, and are known to grow under widely variable environmental conditions.
Some strains of Lemnaceae can be found in all climatic regions, except in
waterless deserts and, perhaps, the tundra. Lemnaceae can frequently be found
in relatively polluted waters, in saline waters and in eutrophicated swamps.
Some species, such as Lemna gibba , can vegetate at temperatures from -3°C up to
30° C.

The duckweeds are one of the smallest and simplest structured of the flowering
plants. The size range is from 1 mm to 15 mm. Distinct leaves and stems, which
are distinguishable in other vascular plants, are replaced by a fusion of both,
which are called fronds (Porath et al., 1979). In each frond there are two
meristem regions, which alternately produce new fronds. Each individual plant
produces at least 2 daughter fronds during its short life cycle.

The characteristics and properties of the Lemnaceae may explain why they are
attractive as a cultivated crop (Porath et al., 1979).
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(a) The relative growth rates of duckweeds are very high: 0.1-0.5 g /g per
day. This is caused, in part, by the resemblance to bacterial growth. Each
frond absorbs its nutrients from the water body through the whole plant and not
through a central root system as in other, higher plants.

(b) Duckweeds have a very high nutritional value. This is largely the
consequence of the fact that the entire plant body consists of metabolically
active, non-structural tissue. Therefore, little photosynthetic energy is
devoted to the production and maintenance of this type of tissue (Hillman and
Culley, 1978).

(c) Duckweeds are easy to harvest because they form no structural unity which
would make cutting or chopping necessary. Simply skimming the fronds from the
water surface is sufficient.
Duckweeds have some additional attributes which make specific use advantageous.
It has been proven that duckweeds can directly assimilate such organic molecules
as carbohydrates and various amino-acids (Hillman, 1976). The duckweeds, as used
in this study, perform a preferential uptake of NHj over NO^ (Porath and
Pollock, 1982). For the Israeli situation, Lemna gibba and Spirodela
polyrrhiza are mainly found in unpolluted waters, though they also grow well in
polluted water (Litav and Agami, 1976).

Duckweed for Waste Water Treatment

Duckweeds are able to grow successfully on wastes and to convert the degradable
pollutants directly into useful materials, such as protein rich feed. Studies
and field monitoring indicate that duckweeds grow relatively well on sewage
water (Culley and Epps, 1973; O'Brien, 1981; Ozimek, 1983), on livestock wastes
(ftyers, 1977), and under laboratory conditions on several pollutants such as N H £ ,
detergents, PO^3 and on anaerobic water (Agami et al., 1976; Wblverton and
McDonald, 1979). The latter also found detergents to be the major constituent
causing plant damage in polluted waters.

A system consisting of a pond covered with a duckweed mat seems to be able to
purify the waste water in joint performance with the bacteria. The bacterial
decomposition will cause anaerobiosis in the water, which is maintained by the
duckweed mat that prevents reaeration. It has been shown that duckweed species
such as Spirodela and Lemna even reduce the oxygen content of the water (Culley
and Epps, 1973) , but this anaerobiosis does not seem to effect the plants (Agami
et al., 1976).

The bacteria will decompose the organic matter into mineral components. The
main minerals, C, N and P, in turn will be converted into protein by the
duckweed. One advantage of a one-stage system is that the CO2 produced by the
bacteria provides an enriched environment for duckweed growth. The duckweed
plants contribute in the removal of organic material because of their ability to
use simple organic compounds directly. A one-stage system as suggested, will
provide a low cost and simple waste water purification system. It might be less
efficient in terms of land requirement and retention time however competitive in
terms of protein production and processing, and in the overall economics. The
consequence that duckweed have a high protein content and a low fiber content
increases the potential reuse of the plants as livestock fodder and the water
for irrigation.
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In the course of this study, the tolerance of several duckweed species for
different combinations of COD and NH^ was examined. The purpose was to
eliminate the superior operation conditions of a future duckweed treatment and
recycling system.

MATERIALS AND METHODS

Experimental Layout

Outdoor experiments were conducted in the Institute for Desert Research, Sede
Boqer (Lat. 30°52' N; Long. 34°46' W), to examine the possibilities of recycling
waste water by duckweed. The variables examined during the experiments included
the duckweed species, and various caribinations of COD and NH+ in the waste water
under two retention times.

The experiments were conducted in series of 24 plastic mini-ponds arranged in a
matrix of 8 units in 3 rows and installed in the soil. The size of each
mini-pond is 40 cm by 50 cm with a depth of 20 cm, a total volume of 40 liters.
Each of the three rows of ponds was used for one duckweed species (Lemna gibba;
Wblffia arrhiza and Spirodela polyrrhiza) . The last pond in each row served as
a control, namely, the same species but with negligible concentration of COD and
52 mg/1 ammonia. These control ponds and another one with no floating plants
served for evaporation loss measurement (Fig. 1).
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Fig. 1. The experimental layout for waste water
recycling by duckweed

The experiments were conducted in a typical arid zone during the summer months,
June to August 1983. Maximal ambient temperature varied from 31.2*C in June to
31.9°C in August. Minimal ambient temperature during these three months varied
from 16.2°C to 18.7'C, respectively. The mean solar radiation was 618.4
langley/day in June, 656.8 langley/day in July and 639.8 langley/day in August.
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The Waste Water Source

Fresh municipal raw sewage from the adjacent Seda-Boker kibbutz (canramal farm)
was treated in the mini-duckweed ponds. Waste water samples were taken two to
three times a week and used for replacing the pond's effluent. The actual COD
and NH^ concentration in the sewage was corrected to the required concentration
by proper dilution and (NHlt)2S01+ dosing, respectively.

The range of COD concentrations in the treated waste water was 100, 300 and 600
mg/1. The exploited retention time was 10 to 20 days. Retention time was
maintained by substituting each day a proportional amount of the pond effluent
with a similar quantity of raw sewage, A summary of experimental conditions is
given in TABLE 2.

TABLE 2 On Waste Water Grown Duckweed Experiments,
Conducted in Summer

Experiment No. 1

Duckweed species No.* 2, 8, 12

Date: Begin 19 June
End 22 July

Retention Time, days 10

COD Concentration, mg/1 100/300/600

NH^-N Concentration, mg/1 50/200

* Species 2: Lemna gibba
Species 8: Wolffia arrhiza
Species 12: Spirodela polyrrhiza

Duckweed Sampling

1983 (Israel)

2

2, 12

24 July
30 July

10

100/300/600

50/200

3

2, 12

7 August
26 August

20

100/300/600

50/200

For the purpose of determining the duckweed growth-rate, dry weight and protein
(Nitrogen Kjeldahl - NKj) content, samples were taken three times a week. Half
of the surface area of each pond, namely 0.1 m2, was sampled for duckweed growth
characteristics estimation. The size of the duckweed sample is taken with a
view to maintaining a mat density of about 700 g /mz after harvesting. The
samples were later drained and dried in specially made baskets and rinsed with
controlled amounts of water. After cleaning the sample was dried for the
purpose of the nitrogen analysis.

The dry plants were powdered in a mortar and an amount of 0.2 g of the powder
was used for the analysis. The destruction was carried out with H2S04 and H202

(30%). After phases of over-night retention, heating for 20 minutes and
diluting to 100 ml, NH* analysis was conducted colorimetrically, following the
Nesslerization method.

Chemical Analysis

Measurement of pH and electrical conductivity were carried out using conven-
tional equipment. Oxygen measurement was made with a YSI model 54A oxygen
meter on which the temperature was recorded as well.
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The ammonia analysis was made colorimetrically following the Nesselerization
method (Standard Methods,1980). Nitrate analysis was carried out colori-
metrically according to standard procedure with Scechrome NAS reagent. COD
concentration was determined according to conventional methods (Standard
Methods, 1980).

RESULTS

Duckweed Species Screening

The studies in all the mini-ponds started with batch cultures of the different
species. Steady state conditions were reached only 10 to 15 days after the
experiment had started.

After reaching steady state conditions Lemna gibba (Species No. 2) yielded
good results in terms of specific growth rate and the competitive conditions for
algae. Specific growth rate varied in the range of 0.13 to 0.23 g /g per day
for both retention times. The dry matter content was between 4.7 and 5.2
percent. For different combinations of COD and NHj the maximal yield was around
15 g /m2 per day (dry matter). The variation in the yield and the related
standard deviations are probably a consequence of working in the field.

In the start-up time of the experiments Wolffia arrhiza (Species No. 8)
performed poorly and did not breed enough plant matter for stocking the waste
water ponds. After the first stocking, the plants failed and died. Later algae
took over, covering the surface of the pond which probably speeded up the decay
process of the Wolffia. Restocking the pond with fresh Wolffia arrhiza had the
same effect. The difficulties in controlling this duckweed species should not
hinder further experiments, since Wolffia has a high fat content as compared to
other duckweed species. For livestock fodder, fat enriched duckweed species are
preferable.

Steady state conditions for Spirodela polyrrhiza (Species No. 12) were reached
10 to 15 days after inoculation of the duckweed. The lowest relative growth
rate was 0.035 g /g per day for a COD concentration of 600 mg/1 and NH4
concentration of 200 mg/1 under a retention time of 10 days. Maximal relative
growth rate was around 0.185 g /g per day for a concentration of 50 mg/1 NH*
and various concentrations of COD and the two employed retention times. The wet
yield reached 175 g /m2 per day and the dry matter content varied between 4.9
and 6.8 percent.

It looks as if Spirodela has a higher growth rate than Lemna. For similar
competitive conditions, as examined, Lemna generally takes over and will replace
tne Spirodela in the pond. A consequence of the above findings was that the
experiments continued with Lemna and Spirodela only. Wolffia arrhiza is hardly
able to maintain as a pure culture on waste water but grows well in a mixed
culture with other duckweed species.

Nitrogen Removal

One of the major problems of waste water treatment is the nitrogen removal. In
this experimental system part of the nitrogen is converted into duckweed protein
and the residual nitrogen is lost or remains in the effluent.
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The nitrogen balance phases are established with a view to a better under-
standing of the nitrogen flux in the system components and the relative
contribution of each of them. The nitrogen flux is presumed to be affected by
the nitrogen content in the influent and operational regime. The nitrogen
balance is given by the general equation (all values are expressed by nitrogen
concentration):

Nj = NQ + NL (1)

where:

N. = Nitrogen in the influent and the additional amount applied as (NHi^SOij

N = Nitrogen in the effluent, consisting of ammonium, a fraction in the
duckweed protein and nitrate in the effluent (which is negligible).

N L = Ammonium losses due to nitrogen fixation in the sludge (not monitored
during the experiments), N due to denitrification (negligible since
nitrification is negligible), and the nitrogen fixed in the algal matter
that was rinsed during sampling. (The last is only a small, negligible
fraction of the duckweed weight.)

On the basis of the above consideration, the balance can be expressed by;

NKj/9 + CNHj)i/6 = y . A/V + (NH^)o/8 + Ng (2)

where:

NKj = nitrogen in the form of Kjeldahl, g /m3

(NHjp^ = nitrogen in the ammonium, at the inlet to the system, g /m3

9 = retention time, days

y = nitrogen in the dry duckweed yield, g /m2 per day

A = surface area of the duckweed pond, m2

V = volume of the effluent in the pond, m3

(NH*)o = nitrogen in the ammonium in the effluent, g /m3

N,, = excess of nitrogen, g /m3 (lost or fixed)

The results of the nitrogen balance were calculated for both duckweed species
for the two retention times examined, and are presented in Fig. 2.

The results indicate that under the higher ammonium concentration in the
influent (200 mg/1) most ammonia was still retained in the effluent, for all
cases. A large fraction of the nitrogen was removed when the ammonium
concentration was only 50 mg/1 in the influent. The performance of duckweed
under retention time of 20 days was superior to that of the 10 day retention
time. The fraction of nitrogen in the duckweed is almost similar for both
species.
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COO Effect

Along with monitoring the changes in nitrogen concentration of the system
component the effect of various COD concentrations was examined as well. In
almost all cases, removal of COD was less for the higher ammonium concentration
in the influent and was around 50%. For the low airmonium concentration in the
influent COD removal reached above 80%. The relatively low COD removal
efficiency coincided with the result that airmonium concentration is the major
factor which controls the duckweed yield (Figs. 3 & 4).

Generally, the duckweed yield is not significantly dependent on COD
concentration in the influent. However, the yield depends significantly on
ammonium concentration in the influent and the retention time.
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Protein Content

Samples of the dry yield were used for crude protein content determination. As
indicated (Tables 3 & 4 ) , there is a clear connection between the crude protein
content, NH^ in the effluent and the retention time. Increased retention time
is associated with a reduction in protein content in the duckweed and an
increase in ammonium in the effluent.

TABLE 3 Crude Protein Content (percent) in Lemna gibba

Pond influent

CQD,mg/l

600
600
300
300
100
100

NH+,mg/l

200
50
200
50
200
50

- (control) 52

e
NHj,mg/l

155.8
39.0

169.2
35.7

160.8
41.8
5.7

Effluent
= 10 days

Crude protein

43.8
43.8
48.1
41.3
45.0
39.4
31.9

Effluent
6 =

NH+,mg/l

193.3
20.5
186.0
12.2

177.3
3.8
0.1

= 20 days

Crude protein

40.0
31.3
36.9
25.6
33.8
24.4
28.1

TABLE 4 Crude Protein Content (percent) in

Pond influent

CGD,mg/l

600
600
300
300
100
100

NH+,mg/l

200
50
200
50
200
50

- (control) 52

Spirodela polyrrhiza

Effluent
8 =

NHj,mg/l

172.8
46.9

156.6
43.3

173.2
47.9
5.3

= 10 days

Crude protein

49.4
36.3
45.0
43.1
45.0
40.0
37.5

e
NH+,mg/l

187.5
39.4

213.8
31.2

224.3
24.8
0.2

Effluent
= 20 days

Crude protein

46.2
36.9
40.6
36.9
37.5
35.6
26.9

The variations in the protein content are probably due to the differences in
nitrogen flux within the system and biodegradation processes of the sludge which
has partially settled on the bottom of the ponds.

Evaporation and Evapotranspiration Losses

In arid and semi-arid areas with limited high quality water sources, such as
Israel, the conservation and reuse of water is crucial. For some years the
water demand has reached the platform of available sources. There are four
major strategies to reduce the discrepancy between the demand and water
production.
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1.

2.

3.

4.

To increase water production. However, in many cases, as in Israel,
conventional water sources are exhausted almost totally.

To use saline water, mainly for irrigation. It is associated with phases of
crop adaptation, as well as with development of econanical processed of water
desalination.

To use the runoff. Runoff water can be collected in large water reservoirs
for use in the dry seasons. However, runoff may be used more efficiently in
microcatchment.

To re-use waste water. Agricultural irrigation is the most obvious target
for treated waste water application. Hence, when waste water is treated,
there is an additional feature which deserves attention with respect to
water conservation.

The possibility of reducing water losses due to evaporation (or evapo-
transpiration) are therefore essential. Hence, along with examining the
duckweed yield and effluent quality, evaporation losses were also measured.
(For the floating duckweed mat it is hardly possible to distinguish between
evaporation and evapotranspiration.) Water losses were estimated with the aid
of a stilling well (similar to the conventional one used in class A pan)
installed in the pond. The water losses for both species are presented in Figs.
5 and 6 indicating the superiority of the floating duckweed plant for waste
treatment.

2 4 6 8 1 0 12 1 4 1 6

from a foft Mrfoos pond Ef, in nvn/day

Fig. 5. Evapotranspiration losses in a Lemna gibba
pond, Summer 1983
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Fig. 6. Evapotransplration losses in a Spirodela
polyrrhiza pond, summer 1983

Linear correlation was adopted to express the relationship between free surface
pond evaporation and evapotranspiration from the duckweed ponds. For Lemna
gibba loss, E, (itm/day) , from a duckweed pond is given by:

Elq = °-37Ef 2-9

and the loss for Spirodela polyrrhiza, E,

E = 0.61Ef + 0.91
sp

= 0.61 (3)

(mm/day), is given by:

= 0.50 (4)

where Ef is the evaporation from a free surface pond (mm/day) and R2 is the
correlation coefficient. The results indicate that above an evaporation rate of
about 4.5 mm/day losses from the duckweed pond decrease and are only about 70%
of the free surface pond.

SUMMARY AND CONCLUSION

The success of a waste water recycling system ultimately depends upon the
quality of the renovated effluent, mainly for irrigation in dry areas, and on
the quality and quantity of the additional by-products accepted. Economic
considerations associated with the pond effluent depth, waste water surface area
(land required) and operational conditions such as retention time, are
essential. Also, aspects of effluent quality discharged into main streams and
environmental factors should be considered.

Duckweed systems for secondary waste_water treatment can be highly productive
with a biomass yield of 8 to 15 g /m per day (dry weight) and crude protein
content in the range of 30 to 45 percent of the dry weight. The amino-acid

JWST AMSTERDAM 2-z
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composition of the duckweed and the ease of plant harvesting gives the vascular
plants a high potential for waste treatment and alternative protein source.

Currently, the findings indicate that the removal efficiency of the major
pollutants reach 50 to 60 percent. Part of the nitrogen removed is converted
into high quality nutritional matter where part of the organic matter still
remains in the pond and further research is required to improve the system.

The results also indicate that duckweed pond systems are superior to other wet
free surface waste treatment methods in regards to water losses. At least 30
percent of water lost due to evaporation in other wet processes can be saved in
duckweed ponds. In areas with limited water sources, this aspect is essential.
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A POTENTIAL TREATMENT
ALTERNATIVE FOR SWINE
WASTEWATER IN THE TROPICS

P. Y. Yang and S. Y. Nagano

Department of Agricultural Engineering, University of Hawaii at Manoa,
Honolulu, Hawaii, U.S.A.

ABSTRACT

Development of a low-cost and effective swine waste management system in the
tropics is the main objective of this study. Because of the apppropriate tem-
perature environment and abundance of sunlight, an integration of an anaerobic
digestion and an algal biomass process was selected and investigated. A pilot,
plant integrating a 20 m anaerobic digester with sludge recycling and a 120 m
algal-biomass raceway were installed and evaluated. Maximum gas production rate
of 1.527 liter/liter/day (69% methane content) can be achieved by a TVS loading
rate of 4.23 gram/liter/day. A sludge production rate of 0.82-2.62 g TS/liter is
obtained from a TVS loading rate of 0.76-4.23 g TVS/liter/day. Critical SRT for
maximum gas production rate is 2.67. For the algal biomass raceway, a loading
rate of 0.097 g SCOD/liter/day or 0.017 g NH -N/liter/day would achieve SCOD and
NH -N removal efficiencies of 94.44% and 98.32%, respectively. Combining the
previous analysis of energy input and land requirement for an algal biomass race-
way and mass balance of energy production and utilization, integrating the energy
production (anaerobic digestion) and energy utilization (dehydration of digested
sludge and power requirement of raceway) provides a great potential for a swine
wastewater treatment in the tropics.

KEYWORDS

Swine wastewater; anaerobic digestion; algal-biomass; design and operation; mass
balance; energy production-utilization; pollution control.

INTRODUCTION

The current status and potential of the swine industry in Hawaii was evaluated in
a report by the State of Hawaii Agriculture Coordinating Committee in 1982. The
important issues related to the swine waste management system are summarized as
follows:

- The pork industry is concentrated on the island of Oahu where the
problems of urban pressures and land limitations exist.
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- Production costs are high even when the waste management system is not
included.

- Farmers must recognize the need for a better waste management system to
satisfy the more stringent environmental quality requirements.

The most common and easiest method practiced by Hawaii's swine producers for waste
disposal is by installing an anaerobic lagoon. The disadvantages of operating an
anaerobic lagoon system in Hawaii are: 1) no by-product recovery, 2) periodic
maintenance to remove settled sludge accumulated, 3) possible odor problems and
ground water contamination, and 4) large land area requirement.

Some preliminary studies have been investigated both in the laboratory and field
scale facilities in order to propose an appropriate swine waste management system
for the needs of the tropics (Yang et al., 1979, 1980, 1981, 1982, 1983). Accord-
ing to the previous studies and current State Swine Industry Analysis, an inte-
grated swine waste management system for byproduct recovery and utilization, and
pollution control was proposed and is shown in Figure 1. As shown in this pro-
posed system, the design and operational criteria for anaerobic digestion and
algal-biomass processes are considered to be the major areas which should be
properly investigated and developed prior to the study of other components in this
system. Accomplishment of these two major components would permit us to draw a
proper recommendation and economic evaluation for a suitable swine wastewater
treatment system in the tropics.

| HOP PBODUCTION [

I
J

| ANAEROBIC DIGEST ION |

[ DIGESTED EFFLUENT |

lOISESTED SLU06EI

0EWATER1N0 [

DIGESTED
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AND ANIL ,
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FEED
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| ALGAL-BIOMASS RACEWAY |
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IEX1STING SEWER IFLUSHING WATER
I SYSTEMS I I FOR PIS PENS |

Fig. 1. Proposed swine waste management system for
byproduct recovery, utilization and pollution
control

MATERIALS AND METHODS

Field Experimental Facilities

3
A pilot plant incorporating an anaerobic digester (20 m ) and an algal-biomass
raceway (120 m ) were installed at the Waialee Livestock Research Farm (WLRF),
Hawaii Institute of Tropical Agriculture and Human Resources (HITAHR), on the
north shore of Oahu, Hawaii. The site is approximately 77 km from the University
of Hawaii, Manoa Campus. The overall research facility is shown in Figure 2.
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Fig. 2. Overall research pilot plant facilities

The Red Mud Plastic (RMP) digester was used because of the need for a low-cost,
low maintenance and durable system which can be used on a large scale for agri-
cultural purposes. The 20 m RMP digester (diameter x length = 2 m x 6.5 m) has
an operational volume of 11.5 m . The following operational conditions were
maintained through the experimental data collection period:

- Operated at different solid retention time (SRT) in the range of 2.5 and
24 days.

- Recycled sludge to influent (raw wastes) flow rate ratio of 0.25.

- Recycled sludge to effluent total volatile solids (TVS) ratio in the
range of 2.0-2.4.

- Range of influent TVS concentration at 9-13 g/liter.

- Feeding frequency of twice a week for hydraulic retention time (HRT) of
9 and 6 days; three times a week for HRT of 4 days; and every day for
HRT of 2 and 1.5 days.

- Length of time to attain steady state conditions, more than four times
the HRT being used.

- Ambient temperature of 22-25°C.

3
The 120 m algal-biomass raceway system for growth of mixed algae and bacteria
utilizing both digested and undigested supernatant of swine waste has a liquid
volume of 120 m with outside overall dimensions of 15.2 m length by 9.8 m width
by 1.0 m depth. Masonry columns were designed to support the combined load of
perforated discs, drive-shaft, and power source. A double-coated vinyl material
of nylon reinforcement with a minimum weight of 340 g/m was laid down as the
lining material. Two rotating sets of five match perforated discs were located
in alternate channels to facilitate mixing and provide aeration. A 2.25 kilowatt,
3-phase electric motor (Baldor Cat. //VCP3611T) and a 20:1 gear reducer (Browning,
part //37501-LR20FE) with output of 87.5 RPM provided power to drive each set of
perforated discs.

The oxygen transfer capacity of the perforated discs was measured from procedures
outlined by Bass and Shell (1977). The electrical consumption was measured
directly from the existing 3-phase kilowatt-hour (Kwh) meter every sampling date.
The solar light intensity ranged between values of 326-868 Kcal/hr/m and was
measured using a Sol-a-meter Model Mark VI manufactured by Matrix Inc., Mesa,
Arizona.
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The following operational conditions were maintained through the experimental data
collection period:

- A semi-continuous flow operation

- An ambient temperature of 22-25°C

- A range of soluble COD (SCOD) and total COD (TCOD) loading rates
of 0.04-0.15 and 0.1-0.3 g/liter/day, respectively

- A range of NH^-N and TKN loading rates of 0.01-0.03 and 0.01-0.04
g/llter/day

- Different aeration times of 24, 12, 6, and 3 hours/day

Analytical Methods

Measurements of pH for the influent and effluent of both anaerobic digester and
agal biomass raceway was conducted by using an Orion 501 pH analyzer.

Biogas was collected by a special gas sample bag composed of two sheets of heat
sealed, 0.051 mm Tedlar material (manufactured by Pollution Measurement Corp.,
Chicago, Illinois). The content of the methane gas collected was analyzed by a
Bendix GC-2300 gas chromatograph. The gas production was measured by a CCA/Pre-
cision Scientific Wet Test Gas Meter (Model #63115) and an American AC-175
Aluminum Case Meter (manufactured by American Meter Company, California).

Total Kjeldahl Nitrogen (TKN), Ammonia Nitrogen (NH -N) , Total Solids (TS), Total
Volatile Solids (TVS), Chemical Oxygen Demand (COD), Suspended Solids (SS), 5-day
Biochemical Oxygen Demand (BOD ), and Percent Settleable Solids (% SS) were
analyzed according to procedures by Standard Methods (1975).

Nitrate Nitrogen (NO.-N) of algal-biomass raceway effluent was analyzed by a pro-
cedure described by Greenberg et al. (1958). Volatile Acids (VA) concentration
of the influent and effluent anaerobic digestion were analyzed by the methods
described by DiLallo and Albertson (1975). Dissolved Oxygen (DO) measurements used
a YSI Model 57 oxygen meter.

RESULTS AND DISCUSSION

Anaerobic Digestion Process

1, Operational Performance

The overall operational performance is presented in Figure 3. As shown in
Figure 3, an initial HRT of 9 days was used and was progressively decreased to 6,
4, 2 and 1.5 days until steady state conditions, based on gas production rate and
gas yield, were achieved at each HRT. Specific data and graphical analysis are
presented in Table 1 and Figure 4, respectively. The results show increased gas
production rate, increased percent TVS removed, and increased gas yield values as
overall HRT was reduced from 9 to 2 days with an influent TVS concentration of 9-13
g/liter being applied. A loading rate of 4 g TVS/liter/day results in high TVS
removal and gas yield and production rate. The methane content of the gas de-
creases slightly as the loading rate increases.

The solids retention time (SRT) was reported as the appropriate operational para-
meter for the biological treatment process by Pfeffer et al. (1967). Loehr (1974)
indicated that minimal SRT values for anaerobic systems had to be in the range of
2-6 days. Analysis of Tables 1 and 2 shows a higher ratio of SCOD to TCOD and a
lower percent of settleable solid at HRT 2 (SRT=2.67). This critical SRT for the
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washing out of biomass from the reactor is close to the minumum SRT values
suggested by Loehr (1974) .

Time,days

Fig. 3. Overall operational performance of anaerobic
digestion process with sludge recycling

00 -i050

0 1.0 2 0 3.0 4.0 5.0

Loading Rale, g TVS added/I/day

Fig. 4. Effects of TVS loading rates on biogas production rate,
biogas yield, methane content and TVS removal efficiency

The rate of sludge production from the anaerobic digestion process was evaluated
and is presented in Table 2. The sludge production rate measured in units of g TS/
liter/day ranges from 0.82-2.62 in the present study using a TVS loading rate of
0.76-4.23 g TVS/liter/day. The sludge volume index (SVI) was also determined and
is shown in Table 3. The values are in the range of 20.3-38.2 ml/g. The low SVI
values represent a digested sludge with good settling characteristics.

2. Mass Balance

It has been assumed that TVS content is the most convenient measurement of organic
content in the waste which is related to the biogas production and cell and gas
synthesis. Mass balance of TVS content between influent TVS and effluent TVS and
gas production equivalent to TVS should be established. This will serve in esti-
mating the accuracy of data collected which is important for the development of
future design and operational criteria for the anaerobic digestion process. De-
tails of mass balance of TVS for different HRT's are presented in Table 4. Appar-
ently, the TVS mass balance of input and output are fairly agreeable at different
levels of HRT applied in the anaerobic digestion with sludge recycling. This
indicates that the results presented in the experiment are accurate enough for use
in the development of design and operational criteria for the anaerobic digestion
process with sludge recycling.
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TABLE 1 _ Specific Data Analysis for 20 m3 Anaerobic.
Digestion

Steady state parameters

SRT, days

Loading rate (raw manure),
g TVS added/£/day

Gas production rate, l/l/day

Gas yield, £/g TVS added

Gas yield, £/g TCOD added

Gas analysis, % CHit

TVS removal, %

TCOD removal, %

Effluent ratio, SCOD/TCOD

Sludge production rate,
g TS/£/day

Process

9.0

23.33

0.76

0.122

0.173

0.084

74.81

8.32

7.95

0.07

0.82

with Sludge Recycling

Overall HRT, days
6.0

9.17

1.23

0.261

0.211

0.114

72.61

11.18

1.3.99

0.04

1.63

4.0

6.76

2.76

0.926

0.335

0.180

67.49

20.27

18.55

0.04

2.47

2.0

3.25

4.23

1.527

0.361

0.161

69.19

21.88

16.28

0.14

2.62

1.5

2.67

5.27

1.055

0.202

0.100

67 .47

12.71

10.31

0.15

1.84

TABLE 2 Sludge Production Rate, Percent Settleable Solids and TVS Loading
Rate for 20 ma Anaerobic Digestion Process with Sludge Recycling

Overall
HRT

(days)

9.0
6.0
4.0
2.0
1.5

TVS Loading Rate
(g TVS added/£/day)

0.76
1.23
2.67
4.23
5.27

Settleable.
Solids

(t=30 min)
%

45.82
50.83
47.50
22.92
8.83

Sludge (TVS)
Production

Rate
g TVS/£/day

0.53
1.09
1 .68
1.78
1.25

TVS/TS
Ratio

0.65
0.67
0.68
0.68
0.68

Sludge (TS)
Production

Rate
g TS/£/day

0.82
1.63
2.47
2.62
1.84
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TABLE 3

Overall
HRT

(days)

9.0
6.0
4.0
2.0
1.5

Evaluation of Sludge Volume Index for Anaerobic Digestion
Process with Sludge Recycling

Settled Sludge
(t=30 min)
(.mill)

Effluent SS1

458.2
508.3
475.0
229.2
88.3

16,903.8
13,319.7
14,901.3
7,597.0
4,352.1

27.1
38.2
31.9
30.2
20.3

'Total solids = 0.89 non-filterable solids (SS) + 0.11 filterable
solids (from experimental data)

2CUT = settJ-ed sludge volume (mill) x 1,000
non-filterable residue,

TABLE 4 Mass Balance of TVS Input and Output for 20 m3 Anaerobie
Digestion Process with Sludge Recycling

Total Input
(Fresh manure

Overall and recycled
HRT sludge)

(days) (gm)

9.0
6.0
4.0
2.0
1.5

2,029,234
3,371,192
4,706,293
5,724,115
6,115,349

Cumulative-
Effluent

1,711,644
2,925,237
4,033,912
4,657,510
4,835,433

Gas TVS1

(gm)

188.404
415,736

1,031,491
1,378,538
861,695

Total Output

1,900,048
3,340,973
5,065,403
6,036,048
5,697,128

Total Output
Total Input

0.94
0.99
1.08
1.05
0.93

TG a s TVS = g r a m m o l e 2 x (% CTU x MW o f CHi, + % C O j x M w V f C O ? ) .

2Gram mole = gas yield (different HRT's x Cumulative Influent (fresh manure) TVS
(gram) x 0.045 g mole/£.

Nitrogen transformation in an anaerobic digestion process is considered as the
bloconversion of organic nitrogen to NH.-N and small amounts of organic nitrogen
contained in the bacterial cell. Mass Balance of total nitrogen input and output
is summarized in Table 5. Based on the result of mass balance in TKN, nitrogen
content in the raw pig manure is not lost after the anaerobic digestion process
with sludge recycling. Thus, the rate of nitrogen output can be estimated and
used for either direct fertilizer utilization or further removal in the algal bio-
mass raceway system.



826 P.Y. YANG and S.Y. NAGANO

TABLE 5 Mass Balance of TKN Input and Output for 20 m3 Anaerobic

Overall
HRT

(days)

9.0
6.0
4.0
2.0
1.5

Digesti

Cumulative1

Influent
(fresh manure)

(gm)

112,517
184,596
218,926
239,424
254,029

1 Cumulative based on feeding

Algal-Biomass Raceway System

ton Process

Cumulative1

Recycled
Sludge

(gm)

92,503
143,749
158,640
168,582
173,786

operations

with Sludge

Total
Input
(gm)

205,020
328,345
377,566
408,006
427,815

Recycling

Cumulative1

Effluent
(gm)

223,637
362,063
408,234
428,349
446,432

during a particular HRT.

Total Output
Total Input

1.09
1.10
1.08
1.05
1.04

1. Operational Performance

The main objective of using an algal-biomass raceway system is to remove or reduce
the soluble COD, soluble NH.-N and suspended solid concentrations of anaerobically
digested effluent and settled raw manure supernatant via biological oxidation and
biosynthesis by aerobic bacteria and microalgae. The overall mass transfer co-..
efficient was evaluated by following Loehr (1974) for a Kra value of 1.67 hr~ .
The total oxygen input rate Q was calculated from the l^3 and was determined to
be 1.66 kg 0,/hr. Using the Q value and based on the varied aeration times, an
overall evaluation of total oxygen input and oxygen required was made and is
shown in Figure 5. As illustrated in Figure 5, the straight line relationship of
kg oxygen input per day shows that the raceway is capable of adequately handling
the incoming SCOD concentration at 8.0 hours aeration per day and TCOD at 10,0
hours of aeration per day in the absence of algal biotnass. These two points
define the critical aeration time that was utilized during this study to treat
incoming SCOD and TCOD.

Fig. 5. Overall total oxygen input and averaged values of
oxygen required for algal biomass raceway system

At 24 hours per day aeration time, decreasing pH values were observed after 17 days.
As shown in Table 6, the SCOD and NH.-N loading rates were 0.042 ± 0.032 and 0.020
± 0.006 g/liter/day with removal efficiencies of 85.75% and 93.58%, respectively.
The ratio of oxygen input to oxygen requirement was 7.90. The nitrate concentra-
tion was 60 mg/liter during this time. Therefore, the aeration time was reduced
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to 12 hours after 27 days to facilitate improved algal growth for NH.-N removal
instead of nitrate formation. During this period, pH values were maintained at
7.6 and the associated nitrate level was much lower at about 19 mg/liter. The
SCOD and NH.-N loading rates were 0.071 ± 0.049 and 0.012 + 0.005 g/liter/day with
removal efficiencies of 91.67% and 86.89%, respectively. The oxygenation ratio
of 2.3 was much lower and represents a closer balance between oxygen input and
oxygen required. The lower percent removal efficiency of NH -N as compared to the
previous 24-hour period can be attributed to less nitrification occurring due to
lower oxygenation ratio and lower NO^-N values.

TABLE 6 Evaluation of Soluble COD and NHi4~N Loading Rates and Removal
~ ~ Efficiencies at Different Aeration Times for Anaerobically

Digested Effluent and Raw Manure Supernatant

SCOD
Aeration Loading Removal Loading Removal

Time Rate Efficiency Rate Efficiency
(hrs/day) (g/£/day) (%) (g/A/day) _(%)_

24 0.042 85.75 0.020 93.58
12 0.071 91.67 0.012 86.89
6 0.097 94.44 0.017 98.42
3 0.122 93.23 0.019 77.57

The 12-hour aeration time was decreased to 6 hours based on the results in Figure
5. An extrapolated SCOD loading rate of 0.084 g/liter/day at 6 hours aeration
time was assumed to have an oxygenation ratio of about 1.00. To test this assump-
tion, 6 hour aeration time and SCOD loading rate of about 0.100 g/liter/day was
used. The results show that an SCOD loading rate of 0.097 g/liter/day accom-
plished removal efficiencies of 94.44%. The oxygenation ratio of 0.86 meant the
oxygen input was barely sufficient at this loading rate. The remaining portion
was effectively provided by algal oxygen production. The NH^-N loading rate was
0.017 g/liter/day with a removal efficiency of 98.42%. The establishment of 6
hour aeration time provided the highest soluble COD and NH -N removal efficiencies
of all aeration times used.

The reduction to 3 hours aeration was to determine whether algal-biomass oxygen
production rate would provide enough synthesized oxygen for treatment of incoming
oxygen demand materials. From this study, the SCOD loading rate was 0.122 ± 0.019
g/liter/day with a removal efficiency of 93.23%. The oxygenation ratio was only
0.34 so that a certain amount of oxygen was provided by the algal growth. The
NH -N loading rate was 0.019 ± 0.005 g/liter/day with a removal efficiency of
77.57%. The removal efficiency of NH -N during this period was not- as effective
as the previous 24, 12, or 6 hour aeration.

The SVI was conducted to measure the settling characteristics of effluent sus-
pended solids from the raceway system. The SVI values for the algal-biomass race-
way were measured and are shown in Table 7. These values are in the range of
34.7-74.4 ml/g and display effluent solids with good settleability.

In the present study, COD was measured more frequently compared to mearurement of
BOD . Therefore, the relationships between the total and soluble effluent frac-
tion's of COD and BOD,, have been determined and are shown in Figures 6 and 7.
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TABLE 7 Sludge Volume (SV;i) for 120 m3 Algal-Biomass Raceway System

Aeration
Time

(hrs/day)

24
12
6
3

Settled Solids
(time=30 min)

(mi/SL)

37.9
75.2
92.7
52.7

Effluent
SS

i „ _ settled solids volume, mi/l x 1000
non-filterable residue, mg/£.

600.2
1,010.5
2,096.2
1,515.5

SVI1

63.1
74.4
44.2
34.7

1.5

- 1.0 -

S 0.5 -

.01 z

.010

o> 008

= .004

.002

O 12 hrs

Tot. BODb =0.579 (TCOD)-0.006

r1 =0.94
I I

1 0 1,5 2.0

T o t a l COD, g / l

2.5 30

Fig. 6. Total COD versus total BOD for the
effluent of raceway system
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Fig. 7. Soluble COD versus soluble BOD for the
effluent of raceway system
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2. Mass Balance

Mass balance of total COD and TKN were calculated using different aeration times
per day applied in the raceway system. The average values of ratio of output and
input total COD and TKN are summarized in Table 8. It indicates value of the
ratio observed. Reduction of total COD is due to the oxidation of both soluble
and solid (biomass) COD. The longer the aeration time applied, the higher the
solid COD can be further oxidized and the lower the ratio of output to input total
COD expected. Reduction of TKN can be due to the stripping of NH.-N and oxidation
of NH-.-N to NO,-N, Therefore, if longer aeration is applied, the lower ratio of
output to input TKN is expected.

TABLE 8 Mass Balance of Total CPU and TKN Input and Output

Aeration Time
(hrs/day)

24
12
6

Evaluation of a

for 120 m3 Algal-Biomass Raceway System

rotal COD
Loading Rate Total Output

Cg/Vdav

0.267
0.135
0.277

Total Input

0.06
0.17
0.36

Potential Treatment Alternative

Total Kieldahl Nitrogen
Loading Rate

(g/J>/day)

0.028
0.017
0.036

Total Output
Total Input

0.12
0.19
0.37

A comparison of four different aerobic stabilization processes (algal-biomass
raceway, facultative pond, oxidation ditch and aerated lagoon) based on their
energy consumption of removing BOD and land requirement of loading BOD was made
and reported (Nagano, 1982). Algal biomass raceway process has shown a favorable
land utilization and lower energy input. Also, energy production and utilization
balances were made and found to be adequate for sludge dehydration and for provid-
ing energy for aeration and mixing devices in the algal biomass raceway process
(Nagano, 1982).

By following the results generated from this study, a,hog producer on the island
of Maui has installed a pilot biogas production (30 m digester) and utilization
system for handling part of his swine wastewater. The system has been operative
since the beginning of January 1982. A biogas production rate of 1,5 m /m /day
has been achieved with a loading rate of about 1.0 kg total solids of hog manure
per m of liquid volume per day (no application of sludge recycling). The dried-
digested sludge (10-15% moisture) has some animal feed or fertilizer values as
shown in Table 9. Therefore, an appropriate swine waste management system can be
recommended as follows:

- If an anaerobic lagoon system exists, it is strongly recommended that the
algal biomass raceway be eliminated. The digested sludge can be dehydrated
for both soil conditioner or fertilizer. The digested supernatant can be
discharged into an existing anaerobic lagoon system.

- If an anaerobic lagoon system or direct land application site is not avail-
able, an algal biomass raceway should be followed for further COD and
nitrogen removal. The energy requirement for the operation of the race-
way system can come from methane production of the anaerobic digester.
The effluent from the raceway can be used for flushing pig pens, develop-
ment of an aquaculture production, or discharge to an existing sewer if
available.
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- Integrating an energy production (methane fermentation or anaerobic digestion
process) and pollution control for a swine waste management system in the
tropics is considered as economically and technically feasible and environ-
mentally sound.

TABLE 9 Chemical Analysis of Digested Sludge

Chemical Composition 3-22-82, % 5-21-82, %

Dry Matter 90.9 88.4
Ash 45.6 48.7
Crude Protein 30.1 27.3
Ether Extract (Crude fat) 5.9 4.0
Neutral Detergent Fiber 30.0 N/A
Acid Detergent Fiber 11.1 N/A
Permanganate Lignin 4.5 N/A
Cellulose 6.3 N/A
Phosphorus 4.9 4.1
Potassium 0.42 0.43
Calcium 4.6 4.74
Magnesium 2.09 1.01
Sodium 0.16 0.14
Manganese 0.18 0.19
Iron 1.65 2.23
Copper 0.013 0.01
Zinc 0.33 0.19

Remark: Chemical analysis of digested sludge was conducted by the
University of Hawaii Feed and Forage Analyses Program, Agri-
cultural Diagnostic Service Center, University of Hawaii at
Manoa.

SUMMARY AND CONCLUSIONS

3
A field scale facility for integrating an anaerobic digester (20 m ) and an algal
biomass raceway (120 m ) was investigated for their operational performances and
mass balance. Maximum gas production rate and gas yield can be achieved at TVS
loading rate of 4 g/liter/day by using an anaerobic digestion with sludge recycl-
ing. For algal biomass raceway, removal efficiency of soluble COD and NH.-N can
be achieved at 94.44% and 98.42% by using a loading rate of 0.097 g SCOD/liter/day
and 0.017 g NH -N/liter/day, respectively (provided 6 hours per day aeration).
Sludge volume index is under 100 ml/g for both anaerobic digester and algal bio-
mass raceway processes. It can be recommended that integrating the energy pro-
duction (anaerobic digestion) and energy utilization (dehydration of digested
sludge and power requirement of raceway) is appropriate for a swine waste manage-
ment sys tem in the tropics.
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