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a b s t r a c t

This study attempted to enhance sulfidogenic activity via sulfate-reducing bacteria (SRB) enrichment and
minimize organic carbon loss by methanogen inhibition in the sulfidogenic stage of a two-stage
anaerobic digestion system (TSADS). To enrich SRB in the sulfidogenic stage, batch tests were per-
formed with various granular sludge pretreatments. Starvation was the most effective pretreatment,
increasing SO4

2� removal and minimizing chemical oxygen demand (COD) loss by inhibiting methanogen
activity. Microbial community analysis showed that Desulfovibrio, Desulfotomaculum, and Syntrophobacter
were the dominant SRB in the sulfidogenic stage (5.0%, 3.1%, and 2.4%, respectively). This enabled SO4

2�

reduction (86%) and volatile fatty acid production (55% of fed COD) at a hydraulic retention time (HRT) of
4 h. Conversely, biogas with a reduced H2S content (110 ppmv) was produced in the methanogenic stage
(HRT ¼ 6 h). A granular sludge comparison revealed differences in their ecology, structure, and extra-
cellular polymeric substance characteristics. Economic feasibility analysis demonstrated that TSADS can
lead to a cost reduction of $80e90/1,000 m3 CH4 compared to single-stage anaerobic digestion.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Despite increased global interest in biogas as a sustainable
alternative to fossil fuels, its economic potential is often compro-
mised by the presence of impurities that should be removed prior
to use. Hydrogen sulfide (H2S) is one of the major contaminants,
whose presence in biogas can reach up to 20,000 ppmv (volume-
based parts per million) depending on feedstock properties
(Pokorna and Zabranska, 2015). Its presence is undesirable during
the energy recovery processes because of its poisonous and cor-
rosive nature that causes damage to tanks, piping, and internal
combustion engines. In addition, the combustion of H2S-rich biogas
n).
causes emissions of sulfur oxides (SOx), which are harmful to the
environment and human health (Kadam and Panwar, 2017).
Therefore, H2S removal is required to decrease the operational and
maintenance costs, increase safety, and enable biogas utilization.

Physicochemical methods such as chemical adsorption or ab-
sorption are commonly used for H2S removal because of their high
H2S removal efficiencies (Park et al., 2005). However, these
methods require high-energy inputs and chemical dosing, which
generate sulfur-containing waste (Abatzoglou and Boivin, 2009). In
contrast, biological H2S removal is a more environmentally and
economically attractive option than physicochemical removal.

Organic waste used as feedstock for anaerobic digestion (AD) are
typically rich in sulfate (SO4

2�), which originates from protein
decomposition, that is, sulfur-containing amino acids (cysteine and
methionine) or other anthropogenic sources. During AD, H2S is
generated by sulfate-reducing bacteria (SRB) that reduce SO4

2� in
the presence of organic carbon. The SRB and methanogens present
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in AD drive the competition for organic carbon (Eqs. 1 and 2).
CH3COO- þ SO42- / HS- þ 2HCO3- DG0’ ¼ �47.6 kJ Eq. 1
CH3COO- þ H2O / CH4 þ HCO3- DG0’ ¼ �31 kJ Eq. 2
SRB are characterized by higher growth rates thanmethanogens
(6e32 h vs. 5e15 d) and a more exothermic reaction (Macy et al.,
2000; Youngsukkasem et al., 2012). Furthermore, SRB can use a
wider range of organic substrates than methanogens, which pre-
dominantly use acetate (Paulo et al., 2015). The SRB activity in AD
consequently decreases the methane (CH4) yield. Given that the
kinetic parameters and optimum growth conditions differ between
SRB and methanogens, the separation of sulfidogenic and meth-
anogenic communities into two sequential stages is possible. In our
previous work, we successfully designed a two-stage anaerobic
digestion system (TSADS) to produce biogas with a reduced H2S
content (Yun et al., 2017). In the TSADS, gas produced with a high
H2S concentration is released in the first sulfidogenic stage,
whereas biogas with a low H2S concentration is produced in the
second methanogenic stage. However, high chemical oxygen de-
mand (COD) loss through methanogenic activity in the sulfidogenic
stage remains an unsolved limitation of TSADS. In addition, the
efficiency of SO4

2� removal in this stage should be enhanced.
Therefore, a new strategy should be developed to enhance sulfi-
dogenic activity via SRB enrichment in the sulfidogenic stage while
minimizing organic carbon loss through the inhibition of
methanogens.

The promotion of SRB-enriched granulation could be an alter-
native way to enhance volumetric biomass concentrations and
attain a high rate of H2S production. Microbial granular sludge has a
regular, dense, and strong structure, as well as good settleability,
which ensures high cell retention and the ability to withstand high
organic loading (Liu et al., 2009). However, the formation of SRB
granular sludge can take a long time because of long startup pe-
riods in the field system (Linlin et al., 2005). Alternatively, meth-
anogenic mixed granular sludge could be changed to SRB-enriched
granules. Some SRB in AD are capable of forming spores that are
highly resistant to heat or harmful chemicals, whereas metha-
nogens are vulnerable because they are not spore-forming
microorganisms.

Previous studies have proven that methanogenic growth can be
inhibited by heat, alkali or acidic conditions, and inhibitor dosing
(Zhou et al., 2011). In addition to physicochemical treatment,
methanogenic activity can also be inhibited by long starvation pe-
riods. Starvation induces changes in microbial communities and
activates microbial endogenous metabolism, which can facilitate
SRB enrichment and survival during sulfidogenic operation (Cox
and Deshusses, 2002; Watanabe et al., 2000). However, very little
is known about the starvation of anaerobic granular sludge. Hwang
et al. (2010) demonstrated a relationship between the treatment
processes and microbial dynamics before and after starvation in an
anaerobic reactor with a long starvation period. Furthermore,
starvation for the enrichment of SRB in methanogenic granular
sludge has not been thoroughly investigated.

The aim of this workwas to develop the TSADS by enhancing the
sulfidogenic activity via SRB enrichment at the sulfidogenic stage
while minimizing organic carbon losses by inhibition of metha-
nogens. As the strategy to ensure enrichment of SRB, the batch test
was performed by applying various pretreatment methods. Then,
long-term continuous operation is conducted with pretreated
granular sludge to investigate the effects of pretreatment and
2

hydraulic retention time (HRT) reductions on reactor performance.
In addition, to elucidate the enhanced reactor performance
resulting from pretreatment, changes in the physicochemical
characteristics and ecology of the granular sludge are investigated.
Finally, the economic feasibility of the improved TSADS is assessed.

2. Materials and methods

2.1. Inoculum and pretreatment

The inoculum granular sludge was taken from a full-scale
anaerobic plant treating brewery wastewater (Cheongwon, Ko-
rea); it had pH and volatile suspended solids (VSS) values of 7.5 and
100 g L�1, respectively. Before inoculation to the TSADS, a series of
pretreatment methods were applied in batch tests (14 days, 100 mL
of working volume at 35 ± 1 BC and 150 rpm). Four different
pretreatment methods were applied: acid, alkali, heat, and star-
vation (SO4

2� addition). For acid and alkali pretreatment, the pHwas
maintained at 3.0 and 12.0 for 24 h by adding 0.1 N HCl and 0.2 N
KOH, respectively. In the case of heat pretreatment, granular sludge
was incubated at 90 BC for 30 min in water. Starvationwas applied
in the presence of 50 mg L�1 of SO4

2� as sodium sulfate (Na2SO4)
with the aim of suppressing methanogenic activity and enriching
SRB. The best performing pretreatment method, as signified by low
COD removal and high SO4

2� reduction, was employed in the sub-
sequent continuous experiment. A methanogenic reactor was
inoculated with the same sludge (without pretreatment), and all
batch tests were performed in duplicate.

2.2. Feeding properties and experimental design

During the continuous experiment, a synthetic substrate con-
taining 5,000mg COD L�1 of glucose (C6H12O6) as an organic carbon
source and 50 mg SO4

2� L�1 (as Na2SO4) was supplied (COD/SO4
2�

ratio ¼ 100). Ammonium chloride (NH4Cl), potassium dihydrogen
phosphate (KH2PO4), and iron (II) chloride tetrahydrate
(FeCl2∙4H2O) were added to achieve a COD:N:P:Fe ratio of
100:5:1:0.33. The feed also contained the following nutrients (in
mg L�1): MgCl2∙6H2O 100, CaCl2∙2H2O 75, H3BO3 0.05,
MnCl2∙4H2O 0.5, ZnCl2 0.05, CuCl2 0.03, NiCl2∙6H2O 0.05,
CoCl2∙2H2O 0.5, and Na2SeO3 0.05. The substrate was prepared
daily, then stored and mixed using a magnetic stirrer in a substrate
reservoir maintained at 4 ± 1 BC.

The pretreated sludge was inoculated to a sulfidogenic stage
UASB reactor having a working volume of 4.1 L (height 1,140 mm,
internal diameter 68 mm). Effluent from the sulfidogenic stage was
fed to the second methanogenic stage reactor of the same config-
uration. The pH at the sulfidogenic stage was controlled to 5.5 ± 0.1
using 2 N KOH solution. Both reactors were operated at 35 ± 1 �C
using a water jacket with a water circulator. The substrate was
continuously fed into the reactor using a peristaltic pump. The
operational conditions of each reactor are listed in Table 1.

The sulfidogenic stage of the TSADS was operated in an HRT
range of 8.2e3.0. h (phases S1eS6). After HRToptimization, effluent
from the sulfidogenic stage was fed into the methanogenic stage of
the TSADS for 70 days (phases M1eM3 during phase S6) with an
HRT range of 16e6 h and pH range of 7.2e7.5 to evaluate the biogas
yield and quality. The HRT was gradually reduced, ensuring that a
steady state was reached in each case.

2.3. Analytical methods

Total COD (TCOD) was measured after sulfide (S2�) precipitation
by zinc sulfate (ZnSO4). The precipitate was separated by centri-
fugation and filtration with a 0.45-mm filter (mixed cellulose ester



Table 1
Operational conditions, performance and biogas composition of two-stage anaerobic digestion system.

Stage Period
(d)

HRT
(h)

OLRa (kg COD
m�3d�1)

SLRb (g SO4
2�

m�3d�1)
COD removal
efficiency (%)

SO4
2� removal

efficiency (%)
CH4 yield (mL CH4 g
COD�1)

CH4 production rate (mL
CH4 L�1d�1)

Biogas composition

CH4

(%)
H2

(%)
H2S
(ppmv)

Sulfidogenic stage
S1 0e14 8.2 15.3 149 17 6 367c 1 3 2,100
S2 15e26 6.2 20.2 203 16 46 400c 4 6 4,200
S3 27e60 5.0 23.6 240 16 84 569c 6 9 4,000
S4 61

e106
4.1 29.3 299 19 84 600c 6 12 4,600

S5 107
e114

3.0 43.0 419 2 12 150c 6 36 120

S6 115
e214

4.0 31.1 328 16 86 583c 4 9 4,850

Methanogenic stage
M1 144

e148
16.0 5.8 9 69 73 192 59 48 1 60

M2 149
e158

8.0 12.1 21 74 57 226 63 59 2 120

M3 159
e214

6.0 16.1 32 95 93 321 4,910 63 2 110

a OLR: Organic loading rate.
b SLR: Sulfate loading rate.
c Biogas production rate (mL L�1d�1).
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filter, MCE04525A, Hyundai Micro Co., Ltd., South Korea) (APHA,
1998). The volatile fatty acid (VFA) concentration and speciation
(formic, acetic, propionic, and butyric acid) were analyzed by high-
performance liquid chromatography (HPLC) (Finnigan Spectra
SYSTEM LC, Thermo Electron Co., USA). SO4

2� was measured ac-
cording to the gravimetric method, and themethylene bluemethod
was applied for effluent S2� measurements using a ready-to-use kit
(Humas, Korea). For both SO4

2� and S2� analyses, a UV/Vis spec-
trophotometer (DR 5000, Hach, USA) was used. The pH of the
samples was measured according to standard methods (APHA,
1998). CH4 and CO2 in the biogas were analyzed with a gas chro-
matograph (GC, GowMac series 580, USA) equipped with a thermal
conductivity detector (TCD) and a 2 m � 2 mm stainless-steel
column packed with Porapak Q (80/100 mesh). For H2 determina-
tion, the same GC detector and a 1.8 m � 3.2 mm (internal diam-
eter) stainless-steel column packed with a 5A molecular sieve were
used. The sulfur balance was calculated by estimating the amount
of H2SeS in the gas phase and H2SeS (Henry’s constant at 35
BC ¼ 0.4983), HS--S, and SO4

2--S in the liquid phase.
The structure of the granular sludge was analyzed using a DSLR

camera (Nikon D7000, Japan) and a scanning electron microscope
(SEM, LEO 1455VP, Germany) equipped with a secondary electron
and quadrant back-scattering detector (QBSD). The extracellular
polymeric substance (EPS) extracted from the granular sludge was
analyzed for total carbohydrate and protein content, which repre-
sented the total EPS (Liu and Fang, 2002). Carbohydrates were
analyzed according to the phenol-sulfuric acid method with
glucose as a standard. A Beckman UVevisible spectrophotometer
was used to measure absorbance at 480 nm, 484 nm, and 490 nm.
Proteins were determined by the Folin method at 562 nm after
incubation at 37 BC for 30 min. The physical properties of the
granular sludge, such as size, dry weight, porosity, settling velocity,
permeability, and fluid collection efficiency, were evaluated as
described in a previous study (Kim et al., 2016). The measurements
results can be found in Table 4.
2.4. Microbial communities

The samples collected before starvation, after starvation, and
3

after sulfidogenic operation were extracted and purified using an
UltraClean Soil DNA Kit (Mo Bio Laboratory Inc., USA) and an Ul-
traClean Microbial DNA Isolation Kit (Mo Bio Laboratory Inc., USA)
according to the manufacturer’s instructions. Amplification of the
samples was performed using a GS-FLX titanium emPCR Kit (454
Life Sciences, USA). The 16S universal primers 27F (50 GAGTTT-
GATCMTGGCTCAG 30) and 800R (50 TACCAGGGTATCTAATCC 30) for
bacteria and Arc8f (50-TTCCGGTTGATCCYGCCGGA-30) and Arc519r
(50-TTACCGCGGCKGCTG-30) for archaea were used for 16s rRNA
gene amplification (DeLong, 1992; Ovreås et al., 1997). The Fast
Start High Fidelity PCR System (Roche, Switzerland) was used for
PCR in three steps: 94 �C for 3 min followed by 35 cycles of 94 �C
for 15 s, 55 �C for 45 s, and 72 �C for 1 min, and a final elongation
step at 72 �C for 8 min. After PCR, the products were processed
using a 454 pyrosequencing Genome Sequencer FLX Titanium (Life
Sciences, CT, USA). Operational taxonomic units (OTUs) were
identified using MOTHUR software. Sequences spanning the same
region were realigned with the NCBI BLAST database (www.ncbi.
nlm.nih.gov).
2.5. Costs estimation

The biogas production costs were based on estimates derived
from 20 farms across the United States employing four different
digester configurations (Chen et al., 2010). (Chen et al., 2010). To
relate the initial investment and annual costs attributed to opera-
tion and maintenance (O&M) for the digesters, an operational
lifespan of 20 years was chosen. For the TSADS, the annual biogas
production costs were assumed to be 10% greater than those for
single-stage anaerobic digestion (SSAD) (Dichtl,1997). In the case of
H2S removal, the Fe precipitation and Na2CO3-impregnated acti-
vated carbonmethods are summarized in Table S1 (Abatzoglou and
Boivin, 2009; Chen et al., 2010). Five operational lifespans were
chosen for the estimation of H2S removal costs.

The capital costs were divided by the chosen operational life-
span (USD year�1), and the annual O&M costs were combined ac-
cording to the annual biogas production and annual H2S removal to
yield the costs per 1,000 m3.

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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3. Results and discussion

3.1. Pretreatment of granular sludge

The effect of different granular sludge pretreatment methods on
SO4

2� reduction was evaluated in a batch test during 14 days of
incubation (Fig. 1). In the case of COD removal, the non-pretreated
granular sludge removed 93.0% of COD, whereas the alkali-
pretreated granular sludge removed 80.4% of COD. The acid, heat,
and starved granular sludge achieved significantly lower COD
removal of 49.2%, 42.0%, and 37.2%, respectively. Electron balances
were made based on the reaction equations (Eqs. 1 and 2) and by
analyzing the concentrations of VFAs, residual glucose, sulfate, cell
growth, and gas produced (Fig. S1). The majority of COD removed
by the non-pretreated granular sludge was utilized for CH4 pro-
duction (73.4%) and not for SO4

2� reduction, indicating dominant
methanogenic activity. On the other hand, the starved granular
sludge used the highest number of electrons (57.7%) to produce
VFA, and only 9.4% of the total electron flow was associated with
CH4 production. This implies that methanogenic activity was
significantly inhibited.

The highest SO4
2� removal efficiency (92.0%) was achieved by

starved granular sludge followed by heat-pretreated (76.0%), non-
pretreated (64.2%), alkali-pretreated (36.6%), and acid-pretreated
(22.6%). The granules treated by heat, alkali, and acid showed
similar or less SO4

2� removal than raw granules which indicates that
the activity of SRB were also inhibited by the treatments. Due to the
enhanced removal of SO4

2� with low COD removal, starvation was
found to be the most effective strategy for enhancing the SRB ac-
tivity and was applied before the start of continuous operation at
the sulfidogenic stage.
3.2. Continuous operation of TSADS

The pretreated granular sludge inoculated to the sulfidogenic
stage reactor exhibited a rapid increase in SO4

2� removal from the
onset of continuous operation; TSADS performance in the sulfido-
genic stage is shown in Fig. 2(a) and Table 1. A decrease in HRT led
to a gradual increase in SO4

2� reduction from 6% (HRT ¼ 8.2 h) to
84% (HRT¼ 4.1 h). However, a further decrease in HRT to 3 h (phase
S5) resulted in a sharp decrease in sulfidogenic activity, as shown
by a considerable decline in COD removal (2%) and gaseous H2S
content (120 ppmv, residual effluent SO4

2� ¼ 46 ± 2 mg L�1). This
was caused by reactor overloading (phase S5¼ 43 kg CODm�3 d�1),
which agrees with our previous findings (Yun et al., 2017). The
subsequent increase in HRT to 4 h (phase S6) allowed the microbial
community to recover its activity within 30 days. At this phase,
Fig. 1. Granular sludge pretreatment impact on

4

SO4
2� removal and H2S in the generated gas were approximately

86% and 4,850 ppmv, respectively. The CH4 production rate reached
approximately 23 mL CH4 L�1d�1, whereas the TCOD in the fer-
mented effluent was 4,188 ± 66 mg L�1. In comparison to our
previous studies without starvation pretreatment, the SO4

2�

removal increased from 76% to 86% and COD reduction in this stage
decreased from 29.4% to 16% (Yun et al., 2017). Based on the stoi-
chiometric calculations, the share of consumed COD was higher
than that required for SO4

2� reduction. Part of the consumed COD
could be utilized by methanogenic archaea; however, further in-
vestigations are required to quantify the reduction of COD uptake
and minimization of CH4 production in the sulfidogenic stage
reactor.

High VFA production was observed in the sulfidogenic stage of
the TSADS, which accounted for >50% of COD (Table S2). Acetate
was the main VFA generated during sulfidogenic operation, ac-
counting for >65% of total VFA. Butyrate accounted for 24% and was
the second most abundant VFA. This indicates that the sulfidogenic
stage reactor simultaneously reduces sulfur presence and degrades
the organic substrate, making it readily available for methano-
genesis in the second-stage reactor.

Sulfidogenic activity was also characterized by the sulfur mass
imbalance, expressed by a slight overbalance (phase S1) and amore
significant underbalance, especially in S2, where 30% of influent
sulfur was not detected either in the produced gas or the effluent
(Table S3). This could be related to S0 accumulation resulting from
direct reduction by SRB or their cooperation with sulfide-oxidizing
bacteria (SOB) (Cai et al., 2017; Cassarini et al., 2019). Additionally,
some sulfur was incorporated to build new proteins due to mi-
crobial growth.

After 144 days of sulfidogenic reactor operation at optimized
HRT (4 h), the effluent from the sulfidogenic stage was fed directly
into the methanogenic reactor for 70 days (phases M1eM3). The
performance of the methanogenic reactor regarding COD removal
and CH4 production is shown in Table 1 and Fig. 2(b). During the
first two phases (M1 and M2), the CH4 yield and production rate
increased from 192 to 226 mL CH4 g COD�1 and 759e2,036 mL CH4
L�1 d�1, respectively. An HRT reduction (from 16 to 8 h) increased
COD removal efficiency from 69% to 74%. At the shortest tested HRT
(6 h), the highest CH4 yield and CH4 production rate were achieved,
reaching 321 mL CH4 g COD�1 and 4,911 mL CH4 L�1 d�1, respec-
tively. At this stage, COD and SO4

2� removal were maintained at 95%
and 93%, respectively. Gas generated during the methanogenic step
contained 63% CH4, 35% CO2, 2% H2, and 110 ppmv H2S (Table 1). The
low H2S present in the biogas produced from the TSADS enables its
direct use in combined heat and power (CHP <1,000 ppmv) and
internal combustion engines (<500 ppmv) without an additional
(a) COD removal and (b) SO4
2� reduction.



Fig. 2. Daily performance of (a) sulfidogenic and (b) methanogenic stage of two stage anaerobic digestion system.
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desulfurization step (Allegue et al., 2012).

3.3. Microbial communities

3.3.1. OTU analysis
The microbial community changes were investigated for three

cases: before starvation, after starvation, and after sulfidogenic
operation. A total of 23,395 reads with 107 bacterial OTUs and
9,666 reads with 112 archaeal OTUs were obtained (Table S4). The
next-generation sequencing results showed a lower microbial di-
versity in samples after sulfidogenic operation, with 29 bacterial
and 9 archaeal OTUs, than samples before starvation (32 bacterial
and 59 archaeal OTUs) and after starvation (46 bacterial and 44
archaeal OTUs). This may be related to the uniform feeding
composition over a long time period, which would lead to the
development of a specialized microbial community requiring fewer
OTUs.

To compare OTUs among all samples, a Venn diagram was used
(Fig. S2). Twenty-one bacterial OTUs were shared among three
samples, and the independent OTUs in the samples before starva-
tion, after starvation, and after sulfidogenic operation were 1, 11,
and 3, respectively. Meanwhile, there were only six shared archaeal
OTUs among all samples, although the total number of found OTUs
was higher than that for bacteria. These results indicate that
changes in the archaeal community structure were more visible
than those in the bacterial community structure. Similarly, inde-
pendent archaeal OTUs were observed for bacteria: 18 before
starvation, 4 after starvation, and 2 after sulfidogenic operation.

3.3.2. Dynamics of bacterial communities
The sequences were assigned to genus and species levels to

investigate the microbial community structure and dynamics in
each sample. Analysis of the bacterial community at the genus level
is shown in Fig. 3(a). In the granular sludge before starvation, the
5

majority of bacterial genera were represented by Bacteroides,
Selenomonas, Pelobacter, and Clostridium, accounting for 18.2%,
10.3%, 6.6%, and 5.3%, respectively. Bacteroides are obligately
anaerobic bacteria present in fecal matter, whereas Selenomonas
are often found in brewery wastewater (Ebdon et al., 2007;
Ntougias et al., 2015).

However, their abundance decreased after starvation, with
Rhodobacter (9.3%), Selenomonas (7.5%), Alicycliphilus (5.4%), Pro-
pionivibrio (5.0%), and Sediminitomix (4.6%) prevalent in the bac-
terial community after starvation. The presence of SOB such as
Alicycliphilus is especially intriguing and suggests potential H2S
oxidation to S0 or SO4

2�, which can be correlated to the sulfur
underbalance at S2 during sulfidogenic operation (Sposob et al.,
2018). In addition, starvation enhanced the presence of SRB,
particularly the abundance of Desulfotomaculum (0.1%/1.8%) and
Desulfohalobium (0.0%/1.6%).

After sulfidogenic operation, further changes in the bacterial
community occurred, where the most abundant bacterial genera
were represented by Rhodococcus, Clostridium, Selenomonas, and
Longilinea (14.1%, 12.6%, 9.1%, and 8.9%, respectively). A higher
proportion of SRB genera was observed during continuous feeding
with SO4

2� than after starvation, and their abundance was different,
with Desulfovibrio, Desulfotomaculum, and Syntrophobacter the
most abundant, accounting for 5.0%, 3.1%, and 2.4%, respectively.
These results imply that the dominance of SRB pretreated by star-
vation could be maintained long term in a sulfidogenic reactor
operated with an actual substrate including organic matter and
sulfide.

In order to determine the bacterial diversity in greater detail, the
sequences were assigned to the species level, as shown in Fig. 4 and
Table 2. Bacteroides thetaiotaomicron VPI-5482 and Selenomonas
boviswere the dominant bacterial species in granular sludge before
starvation, accounting for 18.2% and 9.2%, respectively. On the other
hand, a significant increase in Rhodobacter capsulatus SB 1003



Fig. 3. The relative abundance of (a) bacteria and (b) archaea at the genus level in
granules before starvation, after starvation, and after operation.
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(9.3%) occurred after starvation; however, their presence was not
detected after sulfidogenic operation.

Strict anaerobic fermenting bacteria such as Rhodococcus zopfii,
Selenomonas bovis, and Longilinea arvoryzae were dominant in the
Fig. 4. Phylogenetic tree of the dominant bacteria sequences in granules befor

6

granular sludge after sulfidogenic operation, accounting for 14.1%,
9.1%, and 8.9%, respectively (Hook et al., 2011; Yoshimoto et al.,
2004). Additionally, bacterial species such as Clostridium acetobu-
tylicum and Streptococcus gallolyticus were observed only in the
granular sludge after sulfidogenic operation, accounting for 6.9%
and 6.1% of all sequence reads, respectively.

SRB changes at the species level were also observed, as shown in
Table 2. In total, 11 SRB OTUs were found in all samples, with two
belonging to Syntrophobacter spp., which are known as syntrophic
SRB (Liu et al., 1999). After sulfidogenic operation, Desulfobacter
curvatus was not observed in the granular sludge; however, its
presence was detected before and after starvation. After sulfido-
genic operation, Desulfovibrio bastinii and Desulfotomaculum ace-
toxidans DSM 771 species became predominant, accounting for
4.5% and 3.0%, respectively.
3.3.3. Dynamics of methanogen communities
The archaeal sequences were represented by five genera in all

samples, as shown in Fig. 3(b). Unknown archaea constitute a large
fraction of the reads; however, numerous microorganisms in
anaerobic digestion are still unclassified or unknown (Na et al.,
2016; Torres et al., 2019). In the granular sludge before starvation,
the predominant taxonomic distribution was affiliated to Meth-
anosaeta (24.3%), followed by Methanobacterium (15.6%), Meth-
anosarcina (5.9%), and Methanolinea (2.6%). Methanosaeta is a
strictly acetoclastic methanogen that uses acetate for CH4 produc-
tion (Zhang et al., 2009). Methanobacterium and Methanolinea are
associated with hydrogenotrophic methanogenesis, which pro-
duces CH4 from H2 and CO2 (Narihiro and Sekiguchi, 2011). More-
over, Methanosarcina is facultative, using both acetoclastic and
hydrogenotrophic pathways (Buan et al., 2011).

A clear shift in the archaeal community was observed in both
starved and sulfidogenic granular sludge, which agrees with the
results of TSADS.Methanobacterium slightly increased to 16.4% after
starvation and dropped to 3.4% after sulfidogenic operation.
Methanosaeta (18.2%/12.5%) decreased after starvation and sulfi-
dogenic operation, whereas Methanosarcina (2.6%/2.9%)
increased after sulfidogenic operation. Furthermore, Methanolinea
became dominant and increased its share to 23.1%, whereas
e starvation, after starvation, and after operation (>3% of total sequences).



Table 2
Identification of the SRB OTUs at species level from sulfidogenic stage of two stage anaerobic digestion system.

OTUs # Sulfate reducing bacteria Relative abundance (%) Similarity (%)

Before starvation After starvation After operation

18 Desulfobacter curvatus 2.5 2.6 0.0 98
22 Syntrophobacter wolinii 1.9 0.6 2.1 97
41 Syntrophobacter sulfatireducens 0.0 0.1 0.3 100
30 Desulfohalobium utahense 0.0 1.6 0.4 97
21 Desulfonatronum thiodismutans 2.1 2.0 0.6 100
40 Desulfovibrio gracilis 0.0 0.2 0.2 99
19 Desulfovibrio bastinii 0.2 0.3 4.5 97
37 Desulfovibrio marrakechensis 0.0 0.2 0.3 97
47 Desulfotomaculum thermosubterraneum 0.0 0.2 0.0 100
35 Desulfotomaculum alkaliphilum 0.0 1.0 0.1 99
26 Desulfotomaculum acetoxidans DSM 771 0.1 0.6 3.0 100

SUM 6.8 9.4 11.5
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Methanomicrobium was found only in the sample after starvation
(7.6%). Based on these results, CH4 production in the sulfidogenic
stage was predominantly associated with the hydrogenotrophic
pathway. In the case of archaea at the species level, Methanosaeta
concilii was the dominant species in the granular sludge before
starvation, accounting for 19.6% (Table 3). However, their abun-
dance sharply decreased to 2.1% after sulfidogenic operation,
whereas the hydrogenotrophic methanogen Methanolinea meso-
phila became dominant (21.6%) (Sakai et al., 2012).

3.4. Granular sludge characteristic

3.4.1. Morphology
To elucidate the impact of different conditions on the granular

sludge morphology, granular sludge before starvation, after star-
vation, and after sulfidogenic operation (S2, S3, and S6) was
investigated by dividing it with a razor blade, as shown in Fig. 5. A
gradual change in both the granular sludge color and structure was
observed in response to starvation and sulfidogenic operation. The
darkish granular sludge after starvation became dark slime after
sulfidogenic operation. Starvation and sulfidogenic operation also
led to a change in the inner granular sludge structure, with cross-
sectioning of the granular sludge after starvation revealing
numerous cavities in the core section (Fig. 5, second panel from
left). The formation of cavities was followed by a significant
decrease in the granular sludge dry weight, which decreased from
2.32 ± 1.19 mg to 1.24 ± 0.81 mg before and after starvation,
respectively (Table 4). Changes in the appearance of the granular
sludge continued during sulfidogenic operation, with the average
diameter after sulfidogenic operation increasing from 3.76 to
5.27 mm to become larger than that before starvation (3.72mm). In
phase S2, the cavities were filled with a yellowish substance, which
Table 3
Species level identification of the representative archaea sequences from each sample (>

OTU
#

Microorganisms Before starvation (%) After s

1 Methanosaeta concilii 19.6 12.6
2 Methanobacterium beijingense 12.6 13.5
3 Methanolinea mesophila 0.3 0.2
5 Methanosaeta harundinacea 2.1 2.1
7 Uncultured Methanosaeta 2.6 3.5
8 Methanobacterium aarhusense 3 2.9
9 Methanosarcina acetivorans 2.3 2.6
11 Uncultured Methanomicrobium 0 0
13 Methanolinea tarda 2.3 0
14 Uncultured Methanosarcina 3.6 0
16 Uncultured Methanomicrobium 0 0
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could be related to the establishment of a new microbial commu-
nity, as discussed in “section 3.3”. Furthermore, white slime and
double layers formed on the surface zone. White slime formation
increased during sulfidogenic operation and the color of the gran-
ular sludge bed changed to whitish. The development of a slime
layer around granular sludge is known to hamper the treatment of
carbohydrate-rich wastewater using granular sludge reactors (Lens
et al., 2003).

Further operation led to a change in the inside granular color,
with the inner layer becoming black to dark gray toward the core
zone, as shown for phases S3 and S6. Increased compactness and
regularity of the granular sludge core section was observed and
confirmed by increased settling velocity, which increased to an
average of 1.97 cm s�1 from 1.19 to 1.69 after and before starvation,
respectively. At the end of operation (S6), further development of
the granular sludge occurred: a gray layer was distinct on the sur-
face zone, whereas the core zone was black, which is thought to be
‘young’ granular sludge. Because of diffusion problems and a cor-
responding lack of nutrients, growth mainly occurs at the granular
sludge periphery, giving rise to a multilayered structure (Díaz et al.,
2006). Considering the metabolic characteristics of the sulfidogenic
reactor, it is possible that most of the microbial activity occurred at
the granular sludge surface.

To further characterize the inner granular structure, SEM ana-
lyses were performed (Fig. 6). The SEM images revealed the exis-
tence of different microorganism shapes in different granular
zones. The granular sludge before starvation had a compact struc-
ture with a well-defined three-layered structure and different
morphological characteristics to methanogenic granular sludge.
The surface layer was very heterogeneous and contained clusters of
rod-, filamentous-, and coccus-like microorganisms, whereas long
chain-forming rods and filamentous microorganisms were
3% of total sequences).

tarvation (%) After operation (%) Similarity (%) Accession #

2.1 96 NR_028242.1
0.2 94 NR_028202.1
21.6 98 AB447467.1
6.5 98 NR_043203.1
3.9 94 KC918361.1
3.2 95 AY386124.1
2.9 97 NR_044724.1
4.6 92 AB189862.1
1.5 95 NR_028163.1
0 98 DQ004719.1
3 90 HQ616010.1



Table 4
Physical properties of granular sludge before starvation, after starvation, and after operation.

Before starvation After starvation After operation

Size (mm) 3.72 ± 1.06 3.76 ± 0.09 5.27 ± 1.32
Dry weight (mg) 2.32 ± 1.19 1.24 ± 0.81 3.94 ± 1.28
Porosity 0.65 ± 0.26 0.85 ± 0.09 0.78 ± 0.15
Settling velocity (cm/s) 1.69 ± 0.34 1.19 ± 0.31 1.97 ± 0.52
Permeability (mm2) 1.17 ± 0.75 1.50 ± 1.17 3.29 ± 3.19
Fluid collection efficiency 0.52 ± 0.09 0.55 ± 0.15 0.55 ± 0.12
G 2.58 ± 0.50 2.98 ± 1.06 2.90 ± 0.97

Fig. 5. Granules appearance (from left): before starvation, after starvation, after
operation (S2), after operation (S3) and after operation (S6).
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observed toward the core area. The inner structure of the starved
granular sludge differed from that before starvation. The microbial
density of the starved granular sludge decreased, the surface
became rough, and cavities appeared. This is related to the decrease
in granular sludge weight after starvation. Observations at higher
magnification revealed chain-forming, rod-, and filamentous-
shaped microorganisms present on the surface area, whereas
coccus-shaped microorganisms were rarely observed. Loose col-
onies of rod- and coccus-shaped microorganisms were present
Fig. 6. SEM images of granules (from left): before
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toward the granular sludge core. Granular images taken at the end
of sulfidogenic operation were characterized by high surface mi-
crobial density. In particular, a higher population of rod- and
coccus-shaped microorganisms settled on the surface, whose
presence decreased toward the core zone.
3.4.2. EPS
EPS is a mixture of organic polymers, composed of carbohy-

drates, proteins, and nucleic acids known to play a key role in
granular sludge formation and stability. In this study, the EPS
concentration in the granular sludge was measured as the sum of
carbohydrates and proteins (Table 5).

The total EPS concentration before starvation was 97.2 mg g
VSS�1 with a protein/carbohydrate (P/C) ratio of 4.9. A higher
presence of proteins than carbohydrates indicates methanogen
predominance in granular sludge (Liu and Fang, 2002). Due to
starvation, a decrease in EPS content was observed (44.8 mg g
VSS�1), signifying that EPS served as an energy reserve for micro-
organisms. During the starvation period, only SO4

2� was supplied;
therefore, the SRB could use EPS or decayed microorganisms as
their electron donor source. This led to the aforementioned SRB
enhancement after the starvation period. EPS degradation has also
been reported in the case of anammox bacteria; however, the
protein share in the starved granular sludge increased in this case
(Ma et al., 2017). This explains the cavity formation in the granular
sludge core and decreased granular dry weight (Table 4).

The suppressed methanogenic activity and prevailing SRB ac-
tivity (SO4

2� removal) during sulfidogenic operation influenced the
EPS content and P/C ratio changes. In the EPS sample collected after
sulfidogenic operation, the total EPS concentration recovered to a
level similar to that before starvation; however, the P/C ratio
differed from the previous cases (89.8 mg g VSS�1, P/C ratio of 0.8).
This signifies that the sulfidogenic granular sludge has similar
characteristics to H2-producing granular sludge, which also has a
low P/C ratio ranging from 0.2 to 0.6 (Ma et al., 2017).
starvation, after starvation, after operation.



Table 5
EPS concentration of granular sludge before starvation, after starvation, and after operation.

Before starvation After starvation After operation

Protein (mg/gVSS) 80.7 35.4 39.7
Carbohydrate (mg/gVSS) 16.5 9.1 49.9
Total EPS (mg/gVSS) 97.2 44.5 89.6
Protein/carbohydrate ratio (P/C ratio) 4.9 3.9 0.8

Table 6
Summary of experimental performance and economic analysis results of single-stage anaerobic digester and two-stage anaerobic digestion system.

Single-stage anaerobic digester Two-stage anaerobic digestion system

Sulfidogenic -stage Methanogenic -stage

COD removal efficiency (%) 88 20 95 (97a)
Sulfate removal efficiency (%) 94 86 95 (100a)
HRT (h) 8 4 6 (10a)
pH 7.1 5.5 7.1
CH4 yield (mL CH4/g CODadded) 278 e 321 (249a)
CH4 production rate (mL CH4/L/d) 3,570 e 4,911
Biogas composition CH4 (%) 60 4 63

H2 (%) 2 9 2
CO2 (%) 38 86 34
H2S (ppmv) 1,650 4,850 110

Averaged CH4 production cost ($/1,000 m3 CH4) 124 136
H2S removal costb ($/1,000 m3 CH4) 107e117 e

Total costc ($/1,000 m3 CH4) 231e241 151

a Calculated on the basis of influent in the complete two-stage AD system.
b Physicochemical H2S removal.
c Total estimation considering CH4 yield.
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3.5. Performance comparison and economic assessment

The reactor performance comparison and economic assessment
of TSADS and SSAD are summarized in Table 6. Information about
SSAD performance was obtained from our previous studies (Yun
et al., 2017). A higher CH4 yield was obtained in the methano-
genic stage of TSADS (321 mL CH4 g COD�1, 95% of COD removal)
than during SSAD (278 mL CH4 g COD�1, 88% COD removal). The
lower CH4 yield in SSAD is related to H2S production (1,650 ppmv)
leading to organic carbon uptake and methanogenic activity inhi-
bition. Furthermore, in TSADS, 86% of influent SO4

2�was removed in
advance in the sulfidogenic stage digester, resulting in a higher CH4
yield in the methanogenic stage digester.

For a better comparison, the H2S removal costs were considered
together with the O&M costs of biogas production. The biogas
production costs have been estimated to be $124/1,000 m3 CH4 for
SSAD producing 2,800 m3 CH4 d�1 (Chen et al., 2010). The H2S
present in the biogas produced from SSAD must be removed prior
to utilization, with costs $107e117/1,000 m3 CH4. In summary, the
production of desulfurized biogas in the SSAD system costs be-
tween $231 and $241/1,000 m3 CH4. In the case of TSADS,
approximately $136/1,000 m3 CH4 is estimated by increasing the
SSAD biogas production costs by 10% (Demirel and Yenigün, 2002;
Dichtl, 1997). For a lower CH4 yield (249 mL CH4 g COD�1) at
HRT ¼ 10 h, the costs were estimated to be $151/1,000 m3 CH4.
Consequently, the costs of biogas production by TSADS are
approximately $80e90/1,000 m3 CH4 lower than those of SSAD.

4. Conclusions

Pretreatment of granules by starvation effectively enhanced
SO4

2� reduction through SRB enrichment and minimized COD
removal by inhibiting methanogens during the sulfidogenic stage
of TSADS. The highest SO4

2� removal (86%) was achieved at an HRT
of 4 h (COD loss of 16%). Therefore, biogas produced at the meth-
anogenic stage had a low H2S content (110 ppmv), enabling its
9

direct use without additional desulfurization. The results obtained
from TSADS were attributed to the increased population of SRB
genera (sulfidogenic stage) represented by Desulfovibrio, Desulfo-
tomaculum, and Syntrophobacter, and the methane-generating
pathway was maintained by hydrogenotrophs. Sulfidogenic gran-
ular sludge was rich in carbohydrates (P/C ¼ 0.8), whereas the
inoculum/methanogenic sludge had a high protein share (P/
C ¼ 4.9). Based on an economic feasibility analysis, TSADS can
reduce biogas production costs by $80e90/1,000 m3 CH4 compared
to single-stage anaerobic digestion.
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