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Abstract
Long-term (732 days) anaerobic treatment of synthetic domestic sewage was studied in a hybrid
EGSB reactor, which contained a fixed-film filter section, in addition to a granular sludge bed.
The reactor was operated at 12˚C and optimum operating conditions were observed at a hydraulic
retention time of 18 hours and an organic loading rate of 0.625 kg COD m-3 d-1, when chemical
oxygen demand (COD) removal, based on total, suspended, colloidal and soluble fractions,
reached 80%, 71%, 45% and 85%, respectively. Carbohydrate and protein removal rates routinely
reached 100%. Scanning electron microscopy and energy dispersive X-ray microscopy analysis
revealed that the significant phosphate (P) removal recorded during the trial (up to 78%) was as a
result of P accumulation by the biomass fraction of the fixed-film section. Specific methanogenic
activity profiles of the biomass with propionate as substrate increased by 90% at 12°C during the
trial, suggesting a degradation pathway via propionate. A 6-fold increase of the protein hydrolysis
rate at 12°C during the trial demonstrated the successful development of an active proteolytic
community over time. Denaturing gradient gel electrophoresis analysis of the bacterial and
archaeal 16S rRNA gene sequences (based on both extracted DNA and RNA) highlighted
community changes over time, and specifically within the active fraction of the community.
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INTRODUCTION
Anaerobic digestion (AD) treatment of wastewater produces biogas, a renewable source of energy
(electricity and heat; Paska et al., 2009), while simultaneously providing low-cost and effective
removal of pollutants. Typically, AD is used for the treatment of medium or high strength
wastewaters, at temperatures exceeding 25˚C. Low temperature (psychrophilic) AD can reduce the
parasitic energy requirement of AD, but importantly, could allow the application of AD to direct
treatment of dilute wastewaters, such as domestic sewage (McKeown et al., 2012). The expanded
granular sludge bed (EGSB) reactor is characterized by a high liquid upflow velocity, which is
important in providing mixing when organic loading rates are low (Lettinga et al., 2001). At low
organic loading rates, however, washout of fine biomass particles may occur, particularly under
psychrophilic conditions (Aiyuk & Verstraete 2004). In this study, an EGSB was combined with an
anaerobic filter (AF) to address the low-temperature treatment of a dilute wastewater. Both the
process performance and the biomass composition and activity were investigated.
MATERIALS AND METHODS
Bioreactor Design, Source of Biomass and Operational Conditions
The EGSB-AF (2.8 L working volume) was seeded with 20 g VSS/L two granular sludges from
lab-scale bioreactors treating synthetic and raw sewage at 12 ºC. The substrate used was synthetic
sewage (SYNTHES; Aiyuk & Verstraete 2004) at 500 mg/L CODTotal. Operation at 12˚C lasted for
732 days, divided into 5 phases, each indicating a different HRT (parameters displayed in Table 1).
Sampling and Analysis
CODtotal, CODsuspended, CODcolloidal and CODsoluble removal efficiencies were measured on composite
samples of effluent (Standing Committee of Analysts, 1985). Effluent carbohydrates, proteins and
phosphate were analysed using Dubois (1956), Lowry (1951) and Hach system assays, respectively.

Specific Methanogenic Activity (SMA) and Substrate Degradation Tests
Substrate degradation and SMA tests were carried out on the seed biomass and on samples taken
during the, 24 hour HRT and 8 hour HRT periods as described by Colleran et al. (1992).
Degradation tests (a modification of SMA) followed protein degradation and the hydrolytic activity
was assessed using the Hydrolysis First Order Constant. Tests were carried out at 12°C and 37°C.
Table 1. Reactor operation phases and applied HRT and OLR.
PHASE
1
2
3
4
HRT
36
24
18
12
DAYS
0-105 106-209 210-307 308-638
OLR (kg COD m-3 d-1)
0.333
0.5
0.625
1

5
8
639-732
1.5

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Microscopy (EDX)
SEM images of the biomass, unused pumice stone, washed pumice stone and stones from the filter
at the end of the trial were compared in combination with Energy Dispersive X-ray (EDX) to
provide elemental composition of the samples. Samples were fixed, dehydrated, mounted over SEM
stubs and coated with a thin layer of gold and examined using a SEM (Model 4700, Hitachi, Japan).
DNA/RNA Extraction, cDNA generation, PCR amplification of 16S genes and DGGE
Genomic DNA and RNA were coextracted from biomass samples taken on days 0, 105, 209, 307,
638, 732 and the filter at the end of the trial using the phenol-chloroform extraction method. PCR
amplification used forward primer 341FGC and 517R for Bacterial (Muyzer et al., 1993) and ARC
787F and ARC 1059R (Takai & Horikoshi, 2000) for the domain Archaea. RNA samples were
reverse transcribed using superscript (iii) enzyme into cDNA. Standardised PCR products were
loaded onto an 8% (w/v) polyacrylamide gel containing a denaturing gradient of 30-70% for
bacterial and 40-60% for archaeal analyses. The gel was run at 60°C and 70V for 16h in a D-Code
universal mutation system (BioRad, Hercules, CA).
RESULTS AND DISCUSSION
Bioreactor performance
During phase 1, CODsoluble was degraded (efficiency ~90%), but CODtotal removal efficiency
fluctuated at start up (Table 2). Following a decrease in the applied HRT on day 105 (from 36 to
24hr, phase 2), CODsoluble removal efficiency was unaffected, but transient increases in CODtotal and
CODsuspended concentrations demonstrated the difficulty in degrading the complex part of the
substrate at increased OLR. Unexpectedly, from phase 2 onwards, CODtotal removal efficiency was
higher (69%-83%) than CODcolloidal and CODsuspended removal (13%-39% and 45%-61%,
respectively; Table 2). The opposite was expected as the CODtotal fraction contains the most
complex fraction (particulate) of the substrate and is more recalcitrant. This is in agreement with a
view that the particulates in the wastewater are physically entrapped in the filter, rather than being
degraded (Sayed & Fergala, 1995). While retaining the solids, our reactor was ineffective in
degrading colloids, which are physically difficult to entrap (Elmitwalli, 2001). During phase 5,
removal of CODtotal, CODsuspended and CODcolloidal removal was low (Table 2), indicating that a HRT
of 8 hours was too short for complete degradation of complex substrates. Reactor performance was
best during phase 3, suggesting optimum conditions of a HRT of 18 hours and an OLR of 0.625 kg
COD m-3 d-1. The EGSB-AF achieved up to 100% efficiency with respect to protein degradation
(Table 2). Carbohydrate degradation was also high throughout phases 1-4. During phase 5 however,
it dropped ~70%, indicating that the reactor was overloaded at an OLR of 1.5 kg COD m-3 d-1.
Phosphate removal was also observed during the trial (Table 2) and this was highest (~78%) in
phase 3. SEM/EDX was carried out on biomass and stones from the filter (Figs. 1 A and B), on
unused pumice stone (Fig. 1C) and washed pumice stone (Fig. 1D). The biofilm fraction of the filter
contained 2% phosphate, while no phosphate was detected in the washed or unused pumice stones.
We hypothesize that phosphate removal occurred through the biological action of the biomass.

Table 2. Average CODTotal, CODsuspended, CODcolloidal and CODSoluble concentrations (mg/L) in reactor effluent
and average removal efficiencies (in brackets) for the five phases of reactor’s operation.
Phases
Total
Suspended Colloidal
Soluble Carbohydrate
Protein
Phosphate
Phase 1
169 (66%)
112 (30%) 13 (52%) 44 (89%)
3 (96%)
0.4 (97%)
19 (45%)
Phase 2
86 (83%)
32 (61%) 17 (39%) 36 (91%)
0.2 (100%)
0.4 (97%)
11 (69%)
Phase 3
100 (80%)
21 (71%) 17 (45%) 62 (85%)
5 (90%)
0.1 (99%)
7 (78%)
Phase 4
123 (75%)
42 (50%) 21 (41%) 60 (85%)
8 (85%)
0.05 (100%) 18 (48%)
Phase 5
156 (69%)
46 (45%) 52 (13%)!
58 (86%)
23 (70%)
0 (100%)
23 (32%)
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Figure 1. SEM/EDX images and element composition of reactor contents at the end of the trial (A): sludge
granule, (B): unused pumice stone, (C): washed pumice stone and (D): Biomass around the pumice stone.

Specific Methanogenic Activity (SMA) and Degradation Tests
The SMA profiles for all substrates increased over time (Table 3), indicating that the sludge had
successfully adapted to the low temperature. Relatively higher activity at mesophilic temperatures
throughout suggests the development of a low temperature tolerant community rather than a truly
psychrophilic one. The SMA with propionate as substrate increased by 90%, when measured at
12°C, indicating an important degradation pathway via propionate. The SMA on all the substrates
was highest during reactor operation at a 24 hour HRT (Phase 3). A 6-fold increase in the protein
hydrolysis rate was observed at 12°C (Table 3), showing that an active proteolytic community
developed through time that supported high protein removal efficiency by the reactor. UPGMA
cluster analysis demonstrated the changes in the bacterial and archaeal communities during the
experiments and in terms of DNA versus cDNA, especially at the end of the trial (Figure 2). The
bacterial dendrogram (Fig. 2A) illustrates a more dramatic change in the cDNA than in the DNA
throughout the trial, indicating the development of actively growing biomass. Sequencing of these
bands will provide important insights as to the specific composition of the bacterial community.
CONCLUSIONS
Efficient long-term AD of domestic sewage at 12°C was possible using the EGSB-AF. High
CODtotal and CODsoluble removal was achieved while CODcolloidal and CODsuspended were recalcitrant
in the system. Reactor performance was optimum at a HRT of 18 hours and an OLR of 0.625 kg
COD m-3 d-1. The AF and biomass contained within were essential for phosphate removal and
physical entrapment of particulates. SMA results indicated an important pathway via propionate and
methane production via H2/CO2 at 12°C. Proteolytic activity increased through time at 12°C. DGGE
of DNA and cDNA indicated differences in the metabolically active communities over time.

Table 3. Specific Methanogenic Activity (SMA) and Protein hydrolysis rate (Kahb) of bioreactor’s sludge
KKKKKthroughout the trial at 37°C and 12°C. SMA in ml Methane (CH4) g [VSS]-1 d-1 and Kahb in h-1.
PROP
BUT
ETH
ACETATE
H2/CO2
Milk (h-1)
SEED 37°C
SEED 12°C
24HRT 37°C
24HRT 12°C
8HRT 37°C
8HRT 12°C

A

61 (±21)
2 (±1)
70 (±7)
7 (±5)
26 (±14)
20 (±11)

31 (±7)
1 (±1)
199 (±27)
24 (±11)
44 (±28)
13 (±38)

UPGMA

52

60

68

76

84

Percent Similarity

52 (±17)
7 (±2)
492 (±82)
7 (±6)
284 (±135)
36 (±32)

80 (±20)
3 (±1)
272 (±158)
12 (±11)
176 (±23)
9 (±4)

B

Day 209 cDNA
Day 638 DNA
Day 638 cDNA
Day 307 cDNA
Filter cDNA
Take down cDNA
Filter DNA
Take down DNA
Day 307 DNA
Day 209 DNA
Day 105 cDNA
Seed cDNA
Day 105 DNA
Seed DNA
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Figure 2. UPGMA cluster analysis on DGGE of A (Bacterial) and B (Archaeal), of DNA and cDNA
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