
ARTICLE IN PRESS
Available at www.sciencedirect.com
WAT E R R E S E A R C H 4 0 ( 2 0 0 6 ) 3 6 5 3 – 3 6 5 9
0043-1354/$ - see fro
doi:10.1016/j.watres

�Corresponding au
E-mail address:
1 Present addre

14490; Bogotá, D.C.,
2 This article is

concept of deep sta
journal homepage: www.elsevier.com/locate/watres
Treatment of high-strength dairy wastewater in an
anaerobic deep reservoir: Analysis of the methanogenic
fermentation pathway and the rate-limiting step
Ziv Arbelia,�,1, Asher Brennerb, Aharon Abeliovichb,2

aDepartment of Environmental Hydrology and Microbiology, The Jacob Blaustein Institute for Desert Research, Ben-Gurion University of the

Negev, Sede-Boker Campus, 84990, Israel
bLaboratory of Environmental Biotechnology, The Faculty of Engineering Sciences, Ben-Gurion University of the Negev, Be’er-Sheva, 84105,

Israel
a r t i c l e i n f o

Article history:

Received 11 July 2005

Received in revised form

8 June 2006

Accepted 23 June 2006

Available online 14 August 2006

Keywords:

Acetate

Anaerobic deep reservoir

Dairy wastewater

Methanogenesis

Propionate

Volatile fatty acids (VFAs)
nt matter & 2006 Elsevie
.2006.06.017

thor. Tel.: 57 1 3165000x 19
aziv@unal.edu.co (Z. Arb
ss: Departamento de Ag
Colombia.

dedicated to the memory
bilization reservoir treatm
A B S T R A C T

The wastewater of the largest dairy factory in Israel (Tnuva, Tel-Yosef), discharging

approximately 6000 tons BOD per year, is treated in two serial, deep reservoirs (anaerobic/

facultative). In this study, which focused on the anaerobic reservoir, we combined in situ

measurements (over 18 months) and supporting lab experiments, in order to evaluate its

efficiency and to identify the rate-limiting step of the methanogenic fermentation pathway.

The anaerobic reservoir could remove above 75% of the BOD and COD all year round, but

this was not enough to prevent malodors during the winter. Acetate and propionate,

products of lactose fermentation, were the predominant intermediate metabolites in the

reservoir and their concentrations were strongly dependent on the temperature and the

organic load. The combined effects of colder winter temperatures and seasonal increase of

organic load, resulted in a decreased rate of propionate oxidation and a consequent

accumulation of soluble BOD and COD. Laboratory batch experiments, conducted during

this season, found propionate oxidation to be the rate-limiting step in the process,

characterized by a lag period preceding its degradation.

& 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Wastewater storage and treatment reservoirs were developed

in Israel in the early 1970s. They were first used to accumulate

treated effluent for irrigation purposes, but since their

stabilization potentials have been realized, they are also used

to treat raw wastewater (Mara and Pearson, 1992; Juanico and

Shelef, 1994). Reservoirs are similar to wastewater stabiliza-

tion ponds, but since they are much deeper and their volume
r Ltd. All rights reserved.
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is much higher, they are also similar to small lakes; therefore,

limnological phenomena might become important (Friedler

et al., 2003). Anaerobic stabilization ponds offer a cost

effective way to treat wastewater with high organic content,

since they are mechanically simple, easy to operate by non-

professionals and require less land than facultative and

aerobic ponds. However, this simplicity belies the high

complexity of the physical, chemical and the microbial

process. As a consequence, the microbial process within
ronomı́a; Universidad Nacional de Colombia—Sede Bogotá. A.A.
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lagoons systems is less well understood than in biological

reactors, while effluent quality is less predictable (Grady et al.,

1999). Anaerobic reservoirs may have advantages and dis-

advantages similar to anaerobic ponds, although their

efficiency has never been studied in detail.

Mineralization of organic matter under methanogenic

conditions proceeds in a number of steps, carried out by

different groups of bacteria (Harper and Pohland, 1986). Each

of these steps and the balance between them is important for

the overall process. Oxidation of VFAs and methanogenesis

are low energy yielding and are often the rate-limiting steps

in anaerobic reactors (Pavlostathis and Giraldo-Gomez, 1991).

In an anaerobic environment, oxidation of VFAs to acetate is

thermodynamically favorable, only when hydrogen concen-

tration is low enough. Therefore, VFA oxidation will take

place, only if hydrogen is consumed by other bacteria (i.e., the

methanogens) (Harper and Pohland, 1986).

Methanogenic fermentation has been studied predomi-

nantly in intensive anaerobic reactors, or in a natural

environment and, to our knowledge, has not been carefully

described in wastewater stabilization ponds or reservoirs.

Intensive reactors are usually operated under constant

conditions (temperature, pH, etc.), with much lower retention

time and higher organic loads than anaerobic lagoons.

Furthermore, most of the bacteria in intensive reactors are

associated in flocs and the internal conditions within the floc

can be very different from the conditions in the liquor

(Arcand et al., 1994). In lagoons, most of the bacteria in the

liquor are free living and the diffusion rate of hydrogen

between the hydrogen-producing and the hydrogen-consum-

ing bacteria might limit hydrogen consumption (McCarty and

Smith, 1986).

The wastewaters of the largest dairy factory in Israel

(Tnuva, Tel-Yosef) are treated in two serial, deep reservoirs.

This study focuses on the first anaerobic reservoir, which was

designed according to a unique concept. It is extremely deep

(13 m), having a volume of 330,000 m3 that results in a

retention time of approximately 150 days and is operated as

a continuous flow system, under high and fluctuating organic

loads. In this study, we combined in situ measurements (over

18 months) and supporting lab experiments, in order to: 1)

analyze the performance of an anaerobic reservoir under

such atypical conditions; 2) to follow the methanogenic

fermentation pathway; and 3) to identify the limiting step

for the digestion of the dairy wastewater, which causes an

accumulation of COD and a consequent odor nuisance during

the winter.
2. Materials and methods

2.1. Dairy wastewater

The anaerobic reservoir is located in the Harod Valley, in the

northern part of Israel. Raw wastewater is discharged to the

anaerobic reservoir (depth of 13 m, volume of 330,000 m3).

Main quality parameters of the raw wastewater are given in

Table 1.
2.2. Sampling

Samples from depths of 0, 6, and 12 m were taken once a

week. Temperature, oxygen (YSI model 58) and pH (Radio-

meter, PHM 80) were measured at the site. Liquor and

sediment samples for chemical analysis were transported to

the lab at 4 1C. For the batch experiments, the samples were

carried in BOD bottles to avoid oxygen diffusion and were

inoculated on the same day. The influent was automatically

sampled (Wildco auto-sampler) every hour (40 ml) into a tank

(20l) stored at 4 1C. Once a week, the tank was well mixed and

sampled for chemical analysis. This sample represents an

average of the weekly influent. After sampling, the tank

content was discharged, the tank was cleaned and replaced in

the auto sampler. The volume of influent entering the

reservoir was measured and noted once a week.

2.3. Batch experiments

All experiments were conducted under anaerobic conditions

in serum bottles (125 ml), with a minimum of two replica-

tions. The kinetics of methane production and of acetate and

propionate consumption by liquor (6 m) or sediment were

followed in two types of experiment. The activity of 100%

samples (microcosms experiment) was investigated with

serum bottles that were placed in an anaerobic chamber

(Forma Scientific, Anaerobic System Model 1025/1029: atmo-

sphere of 94% N2 and 6% H2) 24 h before inoculation. The

liquor or sediment samples were dispensed into the serum

bottles that were sealed thereafter with gas-tight rubber

stoppers. In addition, the activity of the samples, inoculated

in a mineral medium containing a single carbon source, was

tested using 3 ml samples in 27 ml of medium. The mineral

medium was composed of (in g/l) K2HPO4 �3(H2O) (0.4),

NaHCO3 (5), NH4Cl (1), MgCl2 � 6(H2O) (1), CaCl2 � 2(H2O) (0.4),

resazurin (0.001), cysteine/hydrochloride (0.5), NaS � *9(H2O)

(0.5), and supplemented with lactose (14.6 mM) or propionate

(32.8 mM) as a sole carbon source. Vitamin and trace elements

were added, according to Whitman et al. (1991). An additional

carbon source was added according to the experiment and pH

was adjusted to 7. The medium was prepared according to

Whitman et al. (1991), inserted into the anaerobic chamber (in

the serum bottles), opened for inoculation and immediately

resealed. All cultures were incubated at 28 1C without shak-

ing.

2.4. Analyisis

Total suspended solids (TSS, 105 1C), fixed suspended solids

(TSS, 550 1C), biochemical oxygen demand (BOD), chemical

oxygen demand (COD), total kjeldhal nitrogen (TKN), oil &

grease; ammonia (NH4
+), nitrate (NO3

�); and nitrite (NO2
�) were

determined according to standard methods (APHA, 1992).

Major ions (including Na+, K+, Ca+, Mg+, Cl�, PO4
3�) were

analyzed by an atomic absorption system (AAnalyst 200;

Perkin-Elmer, CT, USA).

In batch experiments, the gas and the water phases were

sampled through the septa by syringe. Methane (in the gas

phase) and VFA (in the water phase) concentrations were

determined by a gas chromatograph H.P. 5890, equipped with
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Table 1 – Characteristics of the raw dairy wastewater

Parameter Units Average Standard deviation Maximum value Minimum value

Flow rate m3 day�1 1768 482 3035 857

BOD load g m�3 day�1 45.2 19.7 80.6 13.1

COD load g m�3 day�1 98.4 41.8 165.8 37.8

Total BOD mg l�1 8239 4098 18,300 2050

Filtered BOD mg l�1 2899 1708 12,300 650

Total COD mg l�1 18,045 8341 47,680 5968

Filtered COD mg l�1 6076 2911 16,800 1040

Inorganic SS mg l�1 663 682 3750 20

TSS mg l�1 7175 5432 23,200 710

Oil & grease mg l�1 4890 5774 39,464 302

Total TKN mg l�1 329 163 756 76

Filtered TKN mg l�1 131 56 321 40

NH4
+ mg l�1 81 139 818 12

PO4
3� mg l�1 637 167 1099 387

K+ mg l�1 243 102 690 62

Na+ mg l�1 776 174 1200 410

Ca2+ mg l�1 161 84 438 9

Mg2+ mg l�1 85 98 785 30

Cl� mg l�1 593 198 1150 372
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a packed column (80/120 carbopack B-DA/4% CARBOWAX

20 M) and flame ionization detector. Lactose concentration

was measured with reagent Antron (Dische, 1962).
3. Results

3.1. Field observations

The reservoir was always anaerobic (O2o0.2 mg/l all year

round). Because of the seasonal fluctuations in milk produc-

tion, the BOD and COD organic loads varied from 14 and

40 g m�3 day�1 in the summer, to 80 and 160 g m�3 day�1 in the

winter, respectively.

The higher organic loads occur in the winter, when the

temperature is low (Fig 1A) and microbial metabolism slows

down, resulting in accumulation of BOD, COD and VFAs, a

drop in the pH (Fig. 1B,C), and emission of odors. Based on the

GC analysis, we tentatively identified the presence of acetate,

propionate, butyrate, g-hydroxy butyrate, lactate, and vale-

rate. Acetate and propionate were the most significant VFAs

that were identified: they were the first to be detected at the

beginning of the winter and their concentrations were higher

during the winter than those of other VFAs (maximum

concentrations of propionate, acetate and the sum of all the

rest were 13, 7.8 and 4 mM, respectively) and they were last to

disappear at the end of the winter. For this reason, we focused

on the metabolism of acetate and propionate.

At the beginning of the winter, the concentrations of

propionate and acetate increased almost stoichiometrically

with the increase in BOD and COD (Fig 1). In February, when

the temperature dropped to a minimum (15 1C) and the

organic load reached a maximum (165 g COD m�3 day�1),

accumulation of propionate was accelerated, while the

accumulation of acetate, a product of propionate oxidation,
ceased. Concentrations of VFAs, BOD and COD began to

decrease gradually in the middle of May, when the tempera-

ture increased (above 22 1C) and organic load decreased

(around 110 g COD m�3 day�1). Propionate concentration only

started to drop at the beginning of August, concurrently with

a sharp decrease of BOD and COD. At this time, most of the

acetate was already consumed, the temperature reached its

maximum (ca. 29 1C) and organic load dropped to around

50 g COD m�3 day�1. During this whole period, the pH seemed

to be a sensitive indicator of the performance of the reservoir

(Fig 1C). At the beginning of the winter, pH started to drop

with temperature decrease and organic load increase. At the

beginning of spring, pH started to rise when the organic load

decreased and temperature increased. Despite the accumula-

tion of organic matter in the reservoir during the winter, the

removal percentages of total COD, total BOD and TSS were

always above 75.7%, 77.9% and 66.5%, respectively (Fig 1B).

3.2. Laboratory batch experiment

VFA concentrations depend on their formation rate and

consumption rate. The in vivo controlled laboratory experi-

ments, however, reinforce field observation. When sediment

or liquor samples were inoculated in a defined mineral

medium containing a single carbon source, the predominant

products of lactose fermentation were acetate and propionate

(Fig. 2) and acetate was the product of propionate oxidation

(Fig. 3). While lactose fermentation was fast, both in sediment

or liquor experiments, the degradation of acetate and

propionate were much faster in the sediment experiments.

Additionally, in the sediment experiment, acetate and

propionate were utilized at similar rates, while in the liquor

experiment, the oxidation of propionate was much slower

than acetate cleavage. Other intermediates detected in the

lactose fermentation experiments included ethanol, propa-
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Fig. 1 – Effect of temperature and organic load on the performance of the anaerobic reservoir (from July 1996 to November

1997): (A) temperature and organic load; (B) BOD and COD of filtered liquor and removal of organic matter and suspended

solids by the reservoir; (C) acetate and propionate and pH in the liquor. (Organic load is based on monthly average. All other

parameters are based on weekly sampling and are an average of at least 3 samples from different depths in the reservoir).

WAT E R R E S E A R C H 4 0 ( 2 0 0 6 ) 3 6 5 3 – 3 6 5 93656
nol, butyric acid, lactic acid and valeric acid. Of these, ethanol

had the highest maximal concentration (about 6 mM) and its

degradation rate was relatively fast (it disappeared after 3 and

6 days in the sediment and liquor samples, respectively).

Thus, ethanol might also be an important intermediate

metabolite, although it is rapidly oxidized and does not

accumulate in the reservoir.

In the sediment microcosms, methane production was

much faster and to a higher quantity than in the liquor

microcosms. In a similar way to the defined medium

experiments, microcosms of the sediment layer consumed

acetate and propionate at comparable rates and faster than

microcosms of liquor, while in the liquor microcosms, the

oxidation of propionate was much slower than acetate

cleavage (Fig. 4).
4. Discussion

To the best of our knowledge, this is the first report

concerning treatment of high-strength wastewater in a deep

anaerobic reservoir. Moreover, detailed investigations on the

subject of the methanogenic fermentation pathway in

anaerobic lagoons are scarce and the results presented here

might therefore also be extrapolated for anaerobic stabiliza-

tion ponds.

During the course of this study, organic load in the reservoir

(Fig. 1A) was always below the design criteria for the

treatment of domestic wastewater in anaerobic stabilization

ponds in the Mediterranean climate (200 g BOD m�3 day�1 at

15 1C and g BOD m�3 day�1 at above 25 1C). BOD removal
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Fig. 2 – Metabolism of lactose in enrichment medium

inoculated by 10% of liquor sample from a depth of 6 m

(A), or sediment sample (B) (experiment began on 8/5/97).

Note that the scales of the x-axes of the two graphs are

different.

Fig. 3 – Metabolism of propionate in enrichment medium

inoculated by 10% of liquor sample from a depth of 6 m (A),

or sediment sample (B) (experiment began on 8/5/97). Note

that the scales of the x-axes of the two graphs are different.

Fig. 4 – Degradation of acetate and propionate and

production of methane in a microcosm, by liquor sample

from a depth of 6 m (A) and by sediment sample (B)

(experiment began on 5/6/97). Note that the scales of the

x-axes of the two graphs are different.
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(Fig 1B) was always higher than predicted by these criteria

(50% at 15 1C and above 25 1C) (Mara and Pearson, 1998).

However, due to the high-strength wastewater and its specific
content (e.g., lactose, proteins and fats) it was not enough to

prevent the accumulation of soluble organic matter (Fig. 1B,C)

and odor emissions in the winter. In these months, we could

detect accumulation of sludge at the bottom of the reservoir

(estimated at 30–40 cm) and it seems that a high fraction of

the organic load (the particulate matter) was removed by

sedimentation. The sludge was further degraded during the

summer and no sludge accumulation was observed over a

period of 8 years.

VFAs, mainly acetate and propionate, together with pH, are

good indicators of the performance of anaerobic reactors

(Harper and Pohland, 1986). This study suggests that they are

also good indicators of the performance of anaerobic lagoons.

Acetate and propionate started to accumulate as soon as COD

started to increase and their accumulation was strongly

dependent on the temperature and on the organic load. At

the end of the winter, it appeared that acetate degradation

continued, while propionate oxidation virtually stopped.

Laboratory batch experiments, which were conducted in this

season, confirmed the field observations that: 1) the main

fermentation products of lactose were acetate and propio-

nate, both by liquor and sediment samples; and 2) propionate

degradation by liquor samples was much slower than acetate

degradation and it started only after a long lag.

As expected, methane production by the sediment samples

was faster and reached higher levels than in the liquor

samples. At the same time, acetate and propionate were

consumed faster in the sediment, with no observed lag in
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propionate oxidation. The faster microbial activity in the

sediment layer is probably due to a higher microbial

concentration and diversity. Additionally, the redox potential

in the sediment layer was probably lower and the proximity of

hydrogen producer to hydrogen consumer might help to

maintain a low hydrogen concentration, probably contribut-

ing to the faster degradation of propionate (Gonzalez-Gil

et al., 2001). Unfortunately, we were unable to measure redox

potential and hydrogen concentration.

Low organic load does not guarantee better performance of

anaerobic ponds. For example, Pearson et al. (1996) observed

similar BOD removal rates (82–86%) for organic loads,

between 25% and 100% of the maximal permissible organic

loading, at a constant temperature of 17 1C. However, when

the organic load increases abruptly, fermentative bacteria,

which grow quickly, are likely to proliferate and produce more

VFAs and hydrogen. On the other hand, methanogens and

VFA oxidizers that grow more slowly, may not be able to

remove the excess fermentation products fast enough

(Harper and Pohland, 1986). This may result in the accumula-

tion of VFAs and hydrogen. Thermodynamic calculations and

experimental results suggest that when the temperature

drops from 28 to 15 1C, a hydrogen concentration favorable

to VFA oxidizers is 10 times lower (Conard and Wetter, 1990;

Lee and Zinder, 1988). Accordingly, it may be assumed that

during the winter, due to the combined effect of increased

organic load and decreased temperature, the activity of

propionate oxidizers may be dramatically reduced, as evi-

denced by the results obtained. In agreement with our results,

Lettinga et al. (1999) showed that propionate degradation in a

UASB reactor is the most sensitive to low temperatures

(3–8 1C). Similarly, samples from tundra wetlands (Polar Ural,

ambient temperature 10–15 1C) could degrade acetate but not

propionate (Kotsyurbenco et al., 1996).

During the winter, the elevated levels of VFAs were

associated with a drop in the pH (Fig 1C). High concentration

of VFAs, especially at low pH (6.5 in the winter), is toxic to

bacteria, especially to propionate oxidizers and methanogens

(Beaty and McInerny, 1989; van den Heuvel, 1988), while a pH

of 6.5 is more favorable for fermentative bacteria than for

propionate oxidizers and methanogens (Kissalita et al., 1987;

Boone and Xun, 1987). Such activity could act as a positive

feedback, exacerbating the imbalance between the different

bacterial groups and, thereby reducing the efficiency of

organic matter removal in the reservoir.

The type of fermentation might also play an important role

in the performance of the reservoir. Propionate-forming

bacteria are unaffected by hydrogen concentrations and grow

rapidly in high substrate concentrations, but they are poor

scavengers (McCarty and Mosey, 1991). These bacteria are

therefore likely to proliferate in the highly loaded reservoir

during the winter, and thus contribute to accelerated

propionate accumulation.
5. Summary and conclusions

This paper summarizes a study aimed at checking the

efficiency and limitations of a deep anaerobic reservoir with

an extended retention time, designed for the treatment of
concentrated dairy wastewater. The main conclusions drawn

from this study are:
(1)
 The anaerobic reservoir can remove above 75% of the

incoming organic matter all year round, by both sedimen-

tation and degradation. However, due to the unique

composition of the dairy wastewater and its high parti-

culate organic content, organic load design criteria should

be adjusted to more conservative values than those

applied for conventional anaerobic stabilization ponds

systems, to prevent nuisance odors, especially during

winter.
(2)
 VFAs and pH are good indicators for the performance of

anaerobic lagoons. Acetate and propionate, products of

lactose fermentation, were found to be the predominant

intermediate metabolites in the reservoir, and their

concentrations were strongly dependent on the tempera-

ture and the organic load.
(3)
 The combined effect of colder winter temperatures and

seasonal increase of organic load resulted in a decreased

rate of propionate oxidation and a consequent accumula-

tion of soluble BOD and COD.
(4)
 Laboratory batch experiments, conducted during this

season with liquor samples from the reservoir, found

propionate oxidation to be the rate-limiting step in the

process, characterized by a lag period preceding its

degradation. The propionate oxidation rate in the sedi-

ment layer was as high as acetate degradation, even

during the winter, suggesting that the sediment might

have an important role as a shelter for the propionate

oxidizers when conditions in the liquor are unfavorable.
Acknowledgments

This study was supported by the dairy factory of Tnuva, Tel-

Yosef (Israel). We are grateful to Tal Vaxman for sampling and

to Larisa Shemtov, Valentina Lasarovich, and Nili Ben-

Shushan, for the chemical analyses. We also express our

thanks to Irene Urbanek Ruiz, Sebastian Reinhold Sørensen,

and Marcia Roth for their helpful comments on the manu-

script.

R E F E R E N C E S

American Public Health Association (APHA), 1992. Standard
Methods for the Examination of Water and Wastewater. 18th
ed. Washington DC, USA.

Arcand, Y., Chavarie, C., Giot, S.R., 1994. Dynamic modeling of the
population in the anaerobic granular biofilm. Water Sci.
Technol. 30 (12), 63–73.

Beaty, P.S., McInerny, M.J., 1989. Effect of organic acid on
Syntrophomonas wolfei in pure culture and in defined
consortia. Appl. Environ. Microbiol. 55, 977–983.

Boone, D.R., Xun, L., 1987. Effect of pH, temperature and nutrients
on propionate degradation by methanogenic enrichment
culture. Appl. Environ. Microbiol. 53, 1589–1592.

Conard, R., Wetter, B., 1990. Influence of temperature on
energetics of hydrogen metabolism in homoacetogenic,
methanogenic and other anaerobic bacteria. Arch. Microbiol.
155, 94–98.



ARTICLE IN PRESS

WAT E R R E S E A R C H 40 (2006) 3653– 3659 3659
Dische, Z., 1962. General color reactions. In: Whistler, R.L.,
Wolfram, M.L. (Eds.), Methods in Carbohydrate Chemistry.
American Press, New York, pp. 477–512.

Friedler, E., Juanico, M., Shelef, G., 2003. Simulation model of
wastewater stabilization reservoirs. Ecol. Eng. 20, 121–145.

Gonzalez-Gil, G., Lens, P.N., van Aelst, A., van As, H., Versprille,
A.I., Lettinga, G., 2001. Cluster structure of anaerobic aggre-
gates of expanded granular sludge bed reactor. Appl. Environ.
Microbiol. 67, 3683–3692.

Grady, C.P.L.J., Daigger, G.T., Lim, H.C., 1999. Lagoons. In: Biological
Wastewater Treatment. Marcel Dekker, Inc. New York, pp.
673–712.

Harper, S.R., Pohland, F.G., 1986. Recent developments in hydro-
gen management during anaerobic biological wastewater
treatment. Biotechnol. Bioeng. 28, 585–602.

Juanico, M., Shelef, G., 1994. Design, operation and performance
of stabilization reservoirs for wastewater irrigation in Israel.
Water Res. 2, 175–186.

Kissalita, W.S., Pider, K.L., Lo, K.V., 1987. Acidogenic fermentation
of lactose. Biotechnol. Bioeng. 30, 88–95.

Kotsyurbenco, O.R., Nozhevnikova, A.N., Soloviova, T.I., Zavarzin,
G.A., 1996. Methanogenesis at low temperature by microflora
of tundra wetland soil. Antonie van Leeuwenhoek 69, 75–86.

Lee, M.J., Zinder, S.H., 1988. Hydrogen partial pressures in a
thermophilic acetate-oxidizing methanogenic coculture. Appl.
Environ. Microbiol. 54, 1457–1461.

Lettinga, G., Rebac, S., Parshina, S., Nozhevnikova, A., van Lier,
J.B., Stams, A.J.M., 1999. High-rate anaerobic treatment of
wastewater at low temperatures. Appl. Environ. Microbiol. 65,
1696–1702.

Mara, D.D., Pearson, H.W., 1992. Sequential batch-fed effluent
storage reservoirs: A new concept of waste-water treatment
prior to unrestricted crop irrigation. Water Sci. Technol. 26 (7/
8), 1459–1464.

Mara, D.D., Pearson, H.W., 1998. Design Manual for Waste
Stabilization Ponds in Mediterranean Countries. Lagoon
Technology International, Leeds, England.

McCarty, P.L., Mosey, F.E., 1991. Modeling of anaerobic digestion
process (a discussion of concepts). Water Sci. Technol. 24 (8),
17–33.

McCarty, P.L., Smith, D.P., 1986. Anaerobic wastewater treatment.
Environ. Sci. Technol. 20, 1200–1205.

Pearson, H.W., Avery, S.T., Mills, S.W., Njaggah, P., Odiambo, P.,
1996. Performance of the phase II Dandora waste stabilization
ponds the largest in Africa: the case for anaerobic ponds.
Water Sci. Technol. 33 (7), 91–98.

Pavlostathis, S.G., Giraldo-Gomez, E., 1991. Kinetics of anaerobic
treatment. Water Sci. Technol. 24 (8), 35–59.

van den Heuvel, J.C., Beeftink, H.H., Verschuren, P.G., 1988.
Inhibition of the acidogenic dissimilation of glucose in
anaerobic cultures by free butyric acid. Appl. Microbiol.
Biotechnol. 29, 89–94.

Whitman, W.B., Bowen, T.L., Boone, D.R., 1991. The methanogenic
bacteria. In: Balows, A., Truper, H.G., Dworkin, M., Hander, W.,
Schleifer, K.H. (Eds.), The Prokaryotes. Springer, New York, pp.
719–767.


	Treatment of high-strength dairy wastewater in an anaerobic deep reservoir: Analysis of the methanogenic fermentation pathway and the rate-limiting step
	Introduction
	Materials and methods
	Dairy wastewater
	Sampling
	Batch experiments
	Analyisis

	Results
	Field observations
	Laboratory batch experiment

	Discussion
	Summary and conclusions
	Acknowledgments
	References


