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Anaerobic treatment of a volatile fatty acid (VFA) mixture was investigated under psychrophilic (3 to 8°C)
conditions in two laboratory-scale expanded granular sludge bed reactor stages in series. The reactor system
was seeded with mesophilic methanogenic granular sludge and fed with a mixture of VFAs. Good removal of
fatty acids was achieved in the two-stage system. Relative high levels of propionate were present in the effluent
of the first stage, but propionate was efficiently removed in the second stage, where a low hydrogen partial
pressure and a low acetate concentration were advantageous for propionate oxidation. The specific VFA-
degrading activities of the sludge in each of the modules doubled during system operation for 150 days,
indicating a good enrichment of methanogens and proton-reducing acetogenic bacteria at such low tempera-
tures. The specific degradation rates of butyrate, propionate, and the VFA mixture amounted to 0.139, 0.110,
and 0.214 g of chemical oxygen demand g of volatile suspended solids21 day21, respectively. The biomass which
was obtained after 1.5 years still had a temperature optimum of between 30 and 40°C.

Anaerobic treatment of industrial wastewaters can be con-
sidered a well-established technology with a wide range of
applications (26). So far, practically all full-scale applications
of anaerobic treatment are restricted to concentrated waste-
waters with a temperature exceeding 18°C. However, under
moderate climate conditions, many dilute wastewaters, includ-
ing domestic and industrial wastewaters, are discharged at low
ambient temperatures. Besides low concentrations of organic
matter, typically 0.3 to 1.0 g of chemical oxygen demand
(COD) liter21, these wastewaters usually contain a high dis-
solved oxygen concentration, sometimes even up to 10 mg of
O2 liter21. Thus far, attempts to treat such dilute wastewaters
under psychrophilic conditions have not been very successful
(7, 13, 21, 22). Because temperature strongly affects the rates
of the anaerobic conversion processes, some essential improve-
ments must be made to the design of the conventional high-
rate reactors to enrich for microbial methanogenic consortia
able to efficiently degrade dilute wastewaters at a low temper-
ature. Because of the numerous advantages of anaerobic treat-
ment systems in comparison with the conventional aerobic
treatment systems (12), the development of psychrophilic high-
rate anaerobic treatment systems undoubtedly will have a great
economic and ecological impact. The feasibility of high-rate
anaerobic reactor systems for cold wastewaters depends pri-
marily on (i) the quality of the seed sludge in the reactors used
and its development under psychrophilic conditions, (ii) the
nature of the organic pollutants in the wastewater, and (iii) the
reactor configuration, especially its capacity to retain viable
sludge. Single- or multicompartment (staged) granular sludge
reactors can be applied for psychrophilic anaerobic wastewater
treatment. In many cases, multicompartment reactors offer
better prospects than single-compartment reactors (23, 27).

Methanogenesis at low temperature has been studied mainly
in natural environments such as tundra soil, pond sediments
(10, 15), and sediments of deep lakes (14). From these envi-
ronments, psychrotrophic hydrogen-consuming methanogens
and psychrotrophic homoacetogenic bacteria have been iso-
lated (5, 11, 18). There are indications that, in natural habitats
with a low temperature, homoacetogens but not methanogens
consume hydrogen (4, 10). This would mean that acetate is the
main precursor for methanogenesis. However, this may ham-
per the degradation of higher fatty acids. In methanogenic
environments, syntrophic consortia of proton-reducing aceto-
genic bacteria and methanogens degrade fatty acids like pro-
pionate and butyrate. For mesophilic methanogenic processes,
it is generally accepted that the affinity of homoacetogens for
hydrogen is too low to allow propionate and butyrate oxidizers
to grow (19, 20). However, autotrophic hydrogen-consuming
methanogens can be enriched at low temperature (15).

It is not clear if a stable psychrophilic fatty acid-degrading
microbial consortium can be obtained and maintained in an-
aerobic wastewater treatment systems. The present article de-
scribes a novel approach for the start-up and the operation of
an anaerobic high-rate staged expanded granular sludge bed
(EGSB) system for the treatment of cold (3 to 8°C), dilute
wastewater (0.5 to 0.9 g of COD liter21), containing 12 mg of
O2 liter21. The operational performance and the temperature
characteristics of the biomass are described.

MATERIALS AND METHODS

Experimental conditions. Experiments were performed with a two-stage
EGSB system, consisting of two 0.05-m-diameter glass EGSB reactors operated
in series (Fig. 1) with a total volume of 8.6 liters (internal settlers included). The
same reactor system as that described by Rebac et al. (17) was used. In the
experiments, the temperature in the sludge bed was measured with thermocou-
ples (type SD 10; Shimaden, Tokyo, Japan) and controlled by thermostat cooling
devices connected to the house cooling system.

Biomass. The reactor system was inoculated with 260 g of volatile suspended
solids (VSS) methanogenic granular sludge, cultivated in a 225.5-liter pilot-scale
EGSB reactor treating malting wastewater (16) at temperatures of between 12
and 20°C.
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Medium. The reactor was fed with a concentrated stock solution of 33.36 g of
COD liter21, consisting of a volatile fatty acid (VFA) mixture with a pH of 6.5
composed of acetate, propionate, and butyrate in the ratio 1:1.5:1.8, based on the
COD. The concentrations of basal nutrients in the concentrated stock solution
were as follows (in grams per liter): NH4Cl, 7.5; MgSO4 z 7H2O, 1.5; NaH2PO4 z
2H2O, 27.6; K2HPO4, 21.2; CaCl2 z 2H2O, 0.3; yeast extract, 0.5. To each liter of
stock solution, 4.5 ml of a trace element solution was added containing the
following (in grams per liter [unless otherwise noted]): FeCl2 z 4H2O, 2,000;
H3BO3, 50; ZnCl2, 50; CuCl2 z 2H2O, 30; MnCl2 z 4H2O, 500; (NH4)6Mo7O24 z
4H2O, 50; AlCl3 z 6H2O, 90; CoCl2 z 6H2O, 2,000; NiCl2 z 6H2O, 92; Na2SeO3 z
5H2O, 164; EDTA, 1,000; resazurin, 200; and 36% HCl (1 ml liter21). All
chemicals were of analytical grade and were purchased from Merck (Darmstadt,
Germany).

Start-up of the system. The operation of reactor system was started immedi-
ately after inoculation with granular sludge, by feeding the synthetic wastewater
at an organic loading rate (OLR) of 3 g of COD liter21 day21 and a hydraulic
retention time (HRT) of 5.3 h. Each reactor was equipped with an external water
circuit in which water of the desired temperature was pumped through the jacket
of the reactor. From the start of the experiment, the temperature of the system
was set at 9°C.

Batch experiments. Specific substrate-degrading activities were examined as
described previously (17). In order to determine the apparent Km (substrate
half-saturation constant) value of the sludge from the second module for propi-
onate under reactor conditions, the sludge was sampled at day 152 and put in two
small 80-ml EGSB reactors with 30 g of VSS liter of sludge21 operated in batch
mode at 10°C at an upflow velocity of 6 m h21. At time zero, the substrate
concentration in the reactor was set at 0.3 g of propionate COD (CODprop)
liter21 or 0.2 g of propionate liter21. The EGSB batch experiment lasted for a
14-h period. Samples (0.2 ml) of supernatants were taken every 20 min until the
substrate was completely depleted. The Km value was calculated by fitting the
substrate depletion data to the integrated Michaelis-Menten equation, by non-
linear least-squares analysis as described previously (17).

Isotope experiments were performed at 10°C with granular sludge from the
second stage. One month before the experiment, sludge was fed once with
sodium propionate (final concentration, 0.06 g of CODprop liter21 or 0.04 g of
propionate liter21). One day before the experiment, 12.5-ml portions of sludge
were placed into 25-ml serum bottles, flushed with nitrogen, and preincubated
for 24 h with 0.12 g of COD of sodium propionate liter21 at 10°C. On the day of
the experiment, 1 h before the isotope experiment, solutions of labeled [14C]ac-
etate and [14C]bicarbonate were added, and sodium propionate was added at a
final concentration of about 0.12 g of COD liter21. For isotope experiments,

VFAs were analyzed by ion-exchange chromatography (1). Radioactive methane
and carbon dioxide were measured by a modified method of Zehnder et al. (28).

Analyses. The pH and redox potential were determined in situ at the effluent
line with a Microprocessor WTW 196 pH/mV-meter (Weilheim, Germany).
Measurement of pH was conducted with a Schott Nederland N61 double elec-
trode (Tiel, The Netherlands). Redox potential was measured with combined
platinum indicator and silver chloride reference electrodes (Schott Nederland
PT 6180). Samples of influent and the effluent of both modules were taken three
times per week in duplicate, except for the last 10 days, when the samples were
taken daily. Analyses of VFAs and the biogas compositions (CH4 and H2) in the
reactor and batch experiments were performed as described previously (16, 17).

The CODs for VFAs were determined by standard methods as previously
reported (17). The COD conversion factors were 1.07, 1.52, and 1.82 g/g for
acetate, propionate, and butyrate, respectively. The COD factor for methane was
2.597 g of O2 liter21 (20°C), at which temperature, methane was recorded. The
VSS content of the sludge was determined by subtracting the ash content from
the dry weight after the sludge had been incubated for 24 h at 103°C. The ash
content was determined after dry sludge had been heated at 550°C for 120 min.

Microbiological experiments with diluted biomass from the second stage.
Granular sludge from the second stage was sampled at day 182 and stored for 6
months in a refrigerator at 4°C before the microbiological experiments were
started. For long-term batch experiments, granular sludge of the EGSB reactor
was crushed in a glass mortar under a nitrogen flow. The modified Pfennig
medium with 0.12 or 1.2 g of CODprop liter21 as the substrate was used for
dilution of the cell suspension (10). The experiments were performed in 32-ml
serum bottles with 20 ml of medium flushed with a nitrogen-carbon dioxide
(70%/30%) gas mixture. The initial biomass concentrations were 5, 0.5, and
0.05% (vol/vol). The experiments were performed at 5, 10, 15, 20, 25, and 30°C
in duplicate. The temperature dependence of the maximum methane formation
and propionate oxidation rate were fitted by using an Arrhenius-derived model
and Ratkowsky’s square root empirical model, respectively (17). Bromoethane-
sulfonic acid was added to a final concentration of 35 mM to inhibit methano-
genesis. Gases and VFAs were analyzed by gas chromatography (10). Micro-
scopic observations were performed with a phase-contrast microscope, MBI-3
(Russia).

Calculation. The maximum rates were calculated from the steepest linear
decline in the substrate concentration or the linear increase of methane produc-
tion, which represented at the minimum 50% of the initial substrate concentrations.

The COD removal efficiency is calculated according to the equation

FIG. 1. Schematic diagram of the 8.6-liter two-stage EGSB reactor system (reactors I [RI] and II [RII]) used in this study. 1, feed; 2, tap water; 3, influent; 4, stones;
5, expanded sludge bed; 6, screen; 7, gas-liquid-solid separator; 8, external settler; 9, effluent from first module 5 influent for second module; 10, effluent recirculation;
11, biogas; 12, sodium hydroxide (10%); 13, soda lime pellets; 14, wet test gas meter; 15, cooling bath circulator; 16, effluent from system.
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where l is liter.

RESULTS

Performance of the system. The performance of the two-
stage EGSB reactor system is shown in Fig. 2. The OLR of the
system was gradually increased from 3.5 to 15.5 g of COD
liter21 day21 by decreasing the HRT from 5.3 to 1.5 h (Fig.
2A) at an average temperature of 8°C. The loading rate was
only increased when the COD removal efficiency reached 90%.
The system maintained remarkable stability and high efficiency
over the period between days 33 and 133, where the HRT was
decreased from 5 to 2 h, and consequently the OLR was raised
accordingly up to 12.5 g of COD liter21 day21. At an HRT of
1.5 to 1.6 h during the period between days 133 and 152, the
system received peak loads of 12 to 15.5 g of COD liter21

day21. This resulted in stronger variations in the COD removal
efficiency (63 to 92%). The influent contained 12 mg of O2
liter21, giving rise to maximum oxygen loads of 0.2 g of O2
liter21 day21, which is relatively low compared to the OLR.
The redox potential of the reactor effluent always remained at
2350 to 2380 mV, indicating that satisfactory anaerobic con-
ditions prevailed in both modules of the system (data not
shown). During the period between days 154 and 171, the

system was operated at a temperature of 4°C and at an HRT of
only 4 to 5 h. This corresponded to an OLR as high as 4 to 5 g
of COD liter21 day21. Even under these conditions, the re-
moval efficiency exceeded 90%. When the temperature of the
system was further lowered to 3°C between days 173 and 181
and at an HRT of 3 h, corresponding to an OLR of about 5.5 g
of COD liter21 day21, the treatment efficiency still could be
maintained at about 80%.

The acetate removal efficiency was 90 to 100% throughout
the whole experiment, and the system could accommodate
acetate loading rates of 10 g of acetate COD (CODacet) liter21

day21 (Table 1). The butyrate removal efficiency gradually
increased to 100% and remained stable over the experimental
period (Table 1). The system clearly shows some problems with
propionate. This can be deduced from the results depicted in
Fig. 3, which shows the degradation of propionate in each stage
of the system as a function of the propionate OLR. The pro-
pionate degradation was far from complete in the first stage
(Fig. 3A), but the total system was capable of accommodating
propionate loading rates up to 4 g of CODprop liter21 day21

with 90 to 95% degradation at an average temperature of 8°C.
At 4°C, removal efficiencies over 80% were achieved at propi-
onate loading rates of 2 g of CODprop liter21 day21.

Metabolic characteristics of the granule sludge. Table 2
presents the maximum specific degrading activities (Amax) at
10°C of the inoculum and of sludge samples from each of the
modules for propionate, butyrate, and a VFA mixture com-
posed of acetate, propionate, and butyrate in a ratio of 1:1.5:

FIG. 2. Operation parameters and efficiency of the two-module EGSB reactor system fed with a VFA mixture. (A) E, OLR; ‚, HRT. (B) ——, CODvfa removal;
E, conversion to CH4.
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1.8 based on COD. The specific substrate-degrading activities
of the sludge increased in time, indicating a good enrichment
of methanogens and acetogens under the low-temperature
conditions despite the very short liquid retention times ap-
plied. The specific activity of the sludge for the VFA mixture
and butyrate had doubled after 152 days of operation. Most of
the increase in butyrate-degrading activity occurred between
days 48 and 152. During this period, a high butyrate removal

efficiency had already been achieved in the first module. The
specific propionate-degrading activity of the sludge did not
increase substantially.

Psychrophilic propionate degradation. From the results pre-
sented above, it is clear that propionate oxidation is most
sensitive in a psychrophilic anaerobic treatment. Therefore,
propionate degradation was studied in more detail.

To determine the methane formation rates from acetate and
from bicarbonate, during propionate degradation, experiments
with the addition of traces of [14C]acetate and [14C]bicarbon-
ate and nonlabeled propionate were performed. A linear
methane formation rate in the presence of the isotope traces
was observed during the first 10 h of the experiment. The rate
of methanogenesis from [14C]acetate was three to five times
lower than that from [14C]bicarbonate: 0.015 to 0.020 and
0.058 to 0.072 g of methane COD (CODmeth) g of VSS21

day21 of sludge, respectively.
Methane formation from propionate was investigated in

batch experiments at 5 to 30°C with 5% (vol/vol) of the reactor
biomass (Fig. 4). The maximum methane production rate from
1.25 g of CODprop liter21 was reached within 1 day at 30°C,
and after 2 days of incubation, no propionate could be detected
anymore in the medium. The rate of propionate degradation
and methane formation was lower at lower temperatures, but
still, a relatively high rate (0.15 g of CODmeth liter21 day21) of
methanogenesis was measured at 5°C. The maximum concen-
tration of acetate detected during the propionate degradation
at 25°C was 38 mg of CODacet liter21, and at 5°C, a value of
178 mg of CODacet liter21 was found. These values for acetate
reflect the difference in the rate of acetate formation and
degradation and are in accordance with the results of the
labelling experiment described above. The results in Fig. 4
illustrate that the temperature optima of propionate degrada-
tion and methane formation are 30°C or higher, despite the
fact that the biomass had been grown at 3 to 8°C for 180 days.

The apparent half-saturation constant (Km) for propionate
of the sludge present in the second module was estimated in
reactor batch mode experiments with sludge taken after 152
days of operation. The Km was 3.75 6 0.56 mg of CODprop

liter21.
Dilution of the sludge had a strong effect on propionate

degradation. In experiments at 5°C with 5% (vol/vol) biomass,
it took about 12 days to degrade 1.25 g of CODprop liter21.
This corresponded to a propionate degradation rate of 0.22 g
of COD liter21 day21. When a lower inoculum concentration
(0.5% [vol/vol]) was used, it took more than 160 days to de-
grade 1.25 g of CODprop liter21 (see Fig. 6). From this figure,
a propionate degradation rate of 0.009 g of COD liter21 day21

can be determined. When 0.05% (vol/vol) biomass was used,
only half of the initial propionate concentration (1.25 g of
CODprop liter21) was degraded after 300 days of incubation
(data not shown). In that case, the estimated rate was 0.004 g
of COD liter21 day21. Propionate-degrading consortia could
be enriched at 10°C. These enrichments were examined micro-
scopically. The microorganisms did not grow suspended, but
mainly grew as aggregates (Fig. 5). Some typical morphologies
can be recognized. Methanosaeta-like and Methanospirillum-
like cells were visible. A highly enriched culture of the Meth-
anospirillum-like cells was obtained at 10°C with H2 or CO2 as
a substrate. This methanogen was also able to grow on for-
mate. In addition, oval cells were visible in the propionate-
degrading enrichments. These bacteria most likely are the pro-
pionate-oxidizing bacteria.

FIG. 3. Propionate removal rate versus propionate OLR in each module (A
and B) and the total system (C). E, Propionate removal rate at 8°C; h, propi-
onate removal rate at 4°C; ‚, propionate removal rate at 3°C.

TABLE 1. Average removal efficiency of acetate and butyrate as a
percentage of the influent COD of a particular VFA

Temp
(°C)

Avg removal efficiency (%)

Acetate Butyrate

1st
stage

2nd
stage

Total
system

1st
stage

2nd
stage

Total
system

8 84 94 97 59 86 90
4 80 99 100 94 100 100
3 57 86 86 83 97 99
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DISCUSSION

Our results indicate that a high-rate anaerobic treatment in
a two-stage EGSB system is feasible under very-low-tempera-
ture conditions (i.e., down to 3°C). For a VFA mixture as the
substrate, COD removal efficiencies of 90% and higher can be
achieved at 8 and 4°C at OLRs of 12 and 5 g of COD liter21

day21, respectively. The two-stage EGSB concept was capable
of accommodating OLRs 5 to 10 times higher at a 90% VFA
COD (CODvfa) removal efficiency than those reported so far
for psychrophilic anaerobic wastewater treatment (2, 8). Pro-
pionate oxidation, which was found to be the most problematic
step in anaerobic digestion at low temperature (17), was sat-
isfactory. The specific propionate-degrading activity was high
enough and the Km for propionate was low enough to make an
anaerobic treatment of dilute cold wastewaters feasible. The
low apparent Km values probably can be attributed to excellent
mixing conditions prevailing in EGSB reactor systems (9, 17).

Compared to a single-stage reactor system (17), the degra-
dation of propionate improved significantly in a two-stage
EGSB system (Fig. 3). The good degradation of fatty acids like
acetate and butyrate in the first module clearly improved the
overall propionate degradation. Similar observations were pre-

viously made for suboptimal thermophilic processes (55 to
65°C) (23, 27). This distinct enhancement of the biodegrada-
tion of propionate in a properly designed and operated staged
reactor system can be attributed to (i) the development of a
balanced microecosystem in the sludge in the separate reactor
modules and (ii) the improvement of environmental condi-
tions, such as the lower extent of product inhibition in the
conversion of propionate. Particularly in the second stage,
where acetate can be maintained at a relatively low level, the
conditions for propionate degradation are much more optimal
(3). As a consequence of staging, a sludge with a high level of
specific propionate-degrading and methanogenic activity will
develop in the second stage. This will lead to a substantial
increase in the organic loading potential of the system.

The observed increase in specific activities of the granular
sludge in time (Table 2) indicates a good enrichment of meth-
anogens and butyrate oxidizers at the low temperatures ap-
plied. For the sludge of both stages, the specific activities at
10°C, i.e., for butyrate and for the VFA mixture (Table 2) were
higher than the specific activities of sludge in a single-stage
system after 235 days of continuous operation on a VFA sub-
strate at 10°C (17). On the other hand, a net growth of propi-
onate oxidizers did not occur in either module (Table 2 and
Fig. 6), while propionate-oxidizing consortia could be enriched

FIG. 4. Temperature characteristics of mesophilic biomass (20 times diluted)
exposed for a prolonged period of time to psychrophilic conditions. E, methane
production rate (grams of COD per liter per day); {, propionate degradation
rate (grams of COD per liter per day); F, acetate accumulation rate (grams of
COD per liter per day). The lines were computed by using the Arrhenius model
for the methane production rate (solid line) and the square root model for the
propionate degradation rate (dashed line).

FIG. 5. Anaerobic cell aggregate and microbial cells. (A) Anaerobic cell
aggregate at the end of cultivation at 10°C with a 0.5% inoculum size. Magnifi-
cation, 10033.232. (B) Methanosaeta-like cells (arrow 1), Methanospirillum-like
cells (arrow 2), and presumably propionate-oxidizing bacteria (arrow 3) at the
end of cultivation at 10°C with a 0.5% inoculum size. Magnification, 10033.232.

TABLE 2. Maximum specific substrate-degrading activities at 10°C
of inoculum and the EGSB sludge

Time

Maximum specific substrate-degrading activity
(g of COD g of VSS21 day21)a

Propionate Butyrate VFA mixture

Day 0 0.097 (0.007) 0.053 (0.001) 0.106 (0.000)

1st stage
Day 48 0.082 (0.000) 0.056 (0.006) 0.140 (0.005)
Day 152 0.093 (0.017) 0.139 (0.001) 0.214 (0.002)

2nd stage
Day 48 0.111 (0.008) 0.068 (0.002) 0.143 (0.002)
Day 152 0.110 (0.000) 0.112 (0.009) 0.205 (0.002)

a Standard deviations are presented in parentheses.
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in batch cultures. Because acetate was accumulated during
propionate degradation (Fig. 4 and 6), and propionate oxidiz-
ers are sensitive to changes in environmental conditions (3),
their growth might have been inhibited by acetate (24), due to
the low activity of acetoclastic methanogens at low tempera-
tures. Contrary to propionate oxidizers, the butyrate-oxidizing
organisms grew very well, even in the first module. This low
butyrate activity of the seed sludge may be attributed to the
fact that the seed sludge was cultivated on malting wastewater,
which hardly contained butyrate (16) (,0.030 g of butyrate
COD [CODbut] liter21).

The rates of propionate oxidation and methane formation of
the sludge were highest at 30°C (Fig. 4). Apparently even after
1.5 years of operation below 10°C, no specialized psychrophilic
consortia developed. Moreover, the results also indicate that
mesophilic sludge is well able to perform at low temperature,
provided that the environmental conditions in the reactor are
optimized. In addition to the entrapment of newly grown or-
ganisms in the immobilized biomass, the good and stable en-
richment of methanogens and butyrate oxidizers can be attrib-
uted to the prevailing very low decay rates (Kd) under
psychrophilic conditions (25). These features facilitate practi-
cal implementation of high-rate anaerobic reactors for appli-
cation at low temperature, because there is no need to develop
specialized psychrophilic populations.

At temperatures below 15°C (Fig. 4 and 6), the observed
accumulation of acetate could be due to a low activity of
acetoclastic methanogens and/or to an increased activity of
homoacetogenic bacteria. The latter seems less likely, because
the hydrogen concentration in the reactor modules was much
lower (less than 5 nM) than can be reached by homoacetogenic
bacteria (about 300 nM) (6). In addition, formate- and hydro-
gen-utilizing Methanospirillum-like cells were enriched to-
gether with propionate oxidizers, indicating that reducing
equivalents (hydrogen or formate) during propionate oxida-
tion were mainly utilized by methanogens and not by homoace-
togens. The fact that during propionate oxidation, rates of
production of 14C-labeled methane from labeled bicarbonate
were three- to fivefold higher than those from labeled acetate
also indicates that acetate accumulation is not the result of
increased homoacetogenic activity.

The rate of acetoclastic methanogenesis in the reactor
sludge was much lower than the rate of autotrophic methano-
genesis, as measured with labeled substrates. The acetoclastic
methanogenesis is more strongly affected by decreasing tem-
perature (10, 14). This explains the observed accumulation of
acetate during propionate degradation at low temperatures

(Fig. 6). However, for fast propionate degradation, a high rate
of acetoclastic methanogenesis is required. Thus, the preva-
lence of a high density of acetoclastic methanogens in the
sludge of the second stage is essential for efficient propionate
degradation in that stage (Table 1 and Fig. 3B).

From our experiments, we may conclude that in the two-
module reactor system, methanogenic communities were ob-
tained that degraded VFAs, including propionate, completely
to CH4 and CO2 at low temperature. A psychrophilic popula-
tion of microorganisms was not obtained. However, the EGSB
reactor configuration enabled a high rate of conversion at a low
temperature.
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