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A B S T R A C T

This study was performed to optimize thermal hydrolysis pretreatment (THP) of sewage sludge for enhanced
anaerobic digestion (AD). Using the response surface methodology (RSM), the optimal conditions were found
180 °C of reaction temperature and 76min of reaction time. Through THP under optimal conditions, high mo-
lecular substances in sewage sludge such as soluble microbial by-products (SMPs) and extracellular polymeric
substances (EPSs) were hydrolyzed into low molecular ones without the generation of refractory compounds.
The microbial community analysis revealed that relative abundances ofMethanomicrobia such asMethanosarcina,
Methanosaeta (acetoclastic methanogens), and Methanoculleus (hydrogenotrophic methanogens) in AD with THP
were higher than those in conventional AD.

1. Introduction

Anaerobic digestion (AD) is one of the most cost-effective technol-
ogies due to the high energy and resource recovery from sewage sludge
(Ding et al., 2017). However, AD needs a large digester volume and
long retention time because it is a slow process (Han et al., 2017a). AD
mainly involves the following stages: 1) hydrolysis, 2) acidogenesis, 3)
acetogenesis, and 4) methanogenesis. It is well known fact that hy-
drolysis of organic solid waste, such as sludge, is the rate-limiting step
of the AD. Therefore, the pretreatment has been applied for accelerating
the hydrolysis step. This enhances the rate of AD and methane pro-
duction (Ding et al., 2017; Neumann et al., 2017; Veluchamy and
Kalamdhad, 2017). Sludge pretreatment methods include chemical (Li
et al., 2012; Shao et al., 2012), thermal (Chen et al., 2017; Han et al.,
2017a,b; Neumann et al., 2017), mechanical (Żubrowska-Sudoł et al.,
2017), and biological (Ding et al., 2017; Kavitha et al., 2014) disin-
tegration. Among these pretreatment methods, thermal hydrolysis
pretreatment (THP) has been proven to improve sludge disintegration
and biogas production (Li and Noike, 1992; Donoso-Bravo et al., 2011;
Abelleria-Pereira et al., 2015). Additionally, THP is the most profitable
and reliable sludge pretreatment method (Donoso-Bravo et al., 2011;
Abelleria-Pereira et al., 2015; Cano et al., 2015).

Temperature and reaction time are the major operational factors
that affect the efficiency of THP. Bougrier et al. (2008) reported that
chemical oxygen demand (COD) solubilization and biogas production
were enhanced at temperatures lower than 190 °C (for a reaction time

of 30min). Furthermore, Higgins et al. (2017) reported that the total
biogas production decreased with increasing temperature (120–180 °C
for 30min). Li and Noike (1992) evaluated the impacts of different
reaction times (15, 30, 60 and 120min; temperature of 150 °C) on the
biogas production. They found that biogas production increased with
increasing reaction time. Xue et al. (2015) was found that although
COD solubilization increased significantly at reaction times of
90–120min (temperature in the range of 120–180 °C), no significant
increase was observed when the reaction time was longer than 120min.
Previous studies have mainly focused on the efficiency of the sub-
sequent fermentation step (e.g., AD) that follows the THP step, which is
generally carried out at temperatures of 100–180 °C for reaction times
of 7–180min (Carrère et al., 2010; Xue et al., 2015; Suárez-Iglesias
et al., 2017).

The objective of this study is to determine the optimum conditions
for THP of sewage sludge using response surface methodology (RSM)
based on the central composite design (CCD). Furthermore, the impact
of THP under the optimum conditions on characteristics of organic
matter in sewage sludge is investigated using molecular weight dis-
tribution and excitation-emission matrix. Finally, continuous tests are
conducted to evaluate the performance of THP+AD, and the effects of
THP on the microbial community in anaerobic digestion is investigated
using 454 pyrosequencing.
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2. Materials and methods

2.1. Seeding and sewage sludge

The seeding sludge for batch and continuous tests was obtained
from the effluent of the digester located in a wastewater treatment fa-
cility in H City. The pH, alkalinity and volatile solids (VS) concentration
of the seed sludge were 6.9, 2.2 g/L as CaCO3, and 19.3 g/L, respec-
tively. The sewage sludge for THP was collected from a wastewater
treatment plant in D city. The characteristics of sewage sludge before
and after THP, are shown in Table 1.

2.2. Thermal hydrolysis pretreatment

The sewage sludge was thermally pretreated at the thermal hydro-
lysis process pilot plant (Capacity: 1 ton/cycle, COWT, BKT, Korea). To
achieve a total solids (TS) concentration of 14.3 ± 1.0%, the sewage
sludge was subjected to dewater before THP. The thermal hydrolysis
process was operated at a temperature of 75–225 °C and reaction time
of 15–105min (Table 2). Then, the thermal hydrolysis reactor was
cooled down to a room temperature.

2.3. Experimental design

A central composite design (CCD) was employed to find the op-
timum conditions. Reaction temperature (X1) and reaction time (X2)
were chosen as two independent factors. CH4 yield was selected as the
response variable. The experimental variables of the independent fac-
tors were transformed to coded variables by the following equation:

= − ′x X X X( )/Δi i i i (1)

where xi is the coded value of the ith experimental value, Xi is the
actual value of the ith experimental value, ′Xi is the center point among

experimental values, and XΔ i is the distance between Xi and ′Xi . The
response was fitted using a polynomial quadratic equation to correlate
with independent variables. The general form of the predictive poly-
nomial quadratic equation is described as:
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where y is the predicted response, β0 is a constant, βi is a linear coef-
ficient, βii is a quadratic coefficient, and βiJ is an interactive coefficient.

2.4. Batch and continuous tests

Batch tests for optimization of THP were performed using serum
bottles with a working volume of 200mL. Seeding sludge was input at
10% of the working volume and the remaining volume was filled with a
mixture of substrate and distilled water. 5.0 M NaOH and 3.0M HCl
were used to fix the initial pH at 7.0 ± 0.2. Then, nitrogen gas was
used to purge the headspace of each bottle. The biogas was measured
using a glass syringe. Each condition was tested in triplicate.

The continuous tests were performed in continuous stirred tank
reactors with a working volume of 3 L. The feed of reactor 1 (R1) and
reactor 2 (R2) were untreated sludge and pretreated sludge (under
optimum conditions based on batch tests), respectively. All reactors
were filled with seeding sludge and distilled water (50:50), then oper-
ated on batch mode. Continuous operation started when biogas pro-
duction and methane content reached 0.1 L/L.d and 40% in batch
mode, respectively. Continuous reactors were operated for about
150 days. Continuous reactors were initially loaded with 1.4 kg COD/
m3.d, and then they increased from 1.4 kg/m3.d to 4.4 kg COD/m3.d. All
samples were collected daily and measured three or more times.

2.5. Analytical and assay methods

The concentrations of COD, TS, VS, total nitrogen (T-N) and total
phosphorus (T-P) were measured according to Standard Methods for
the Examination of Water and Wastewater (APHA et al., 2005). VFAs
were analyzed by a high-performance liquid chromatograph (HPLC,
YL9100, Young-Lin Instrument Co., Korea) equipped with an ultraviolet
(210 nm) detector and a 100mm×7.8mm fast acid analysis column
(Bio-Rad Laboratories, USA) using 0.005M H2SO4 for the mobile phase.
The liquid samples were pre-treated with a 0.45 μm membrane filter
before injection to HPLC. The gas composition was analyzed using a gas
chromatograph (GC, Gow Mac series 580, Gow-Mac Instrument Co.,
USA) equipped with a thermal conductivity detector (TCD) and 6
ft× 2mm (i.d.) stainless steel Porapak Q (80/100 mesh) column. The
operating temperatures of the injector, detector and column were
maintained at 90, 80, and 50 °C, respectively. In addition, high purity
(99.999%) helium gas was used as a carrier gas. The produced gas was
adjusted to the standard temperature and pressure (STP).

Cumulative methane production curves in batch tests curves were
described by the following modified Gompertz Equation:

= ⎡
⎣

− − + ⎤
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(3)

where M is the cumulative methane production, P is the maximum
methane production, Rm is the maximum methane production rate, λ is
the lag phase, t is time, and e is the exp(1)= 2.71828.

The dissolved organic compounds were fractionated using ultra-
filtration. Fractionation of samples was performed using a 200mL
stirred cell (Amicon 8200; Millipore Corp. USA). Three membranes
made of regenerated cellulose with different molecular weight cut-offs
were used as follows: (1) 10 kDa and (2) 1 kDa. The initial volume was
100mL. The samples were filtered through the membranes in series
from (1) to (2). Each time a measured volume of 25mL was retained for
analysis, while the volume that permeated the membrane was passed

Table 1
Characteristics of sewage sludge before and after thermal hydrolysis pretreatment.

Item Unit Untreated sewage
sludge

Pretreated sewage sludge
(under optimal conditions)

TCOD g/L 169.0 ± 1.9 159.1 ± 0.3
SCOD g/L 1.7 ± 0.1 47.3 ± 0.1
TVFAs g/L 0.8 ± 0.0 8.2 ± 0.1
T-N g/L 1.1 ± 0.1 1.0 ± 0.0
S-N g/L 0.1 ± 0.0 0.2 ± 0.0
T-P g/L 0.8 ± 0.0 0.8 ± 8.6
S-P g/L 0.1 ± 0.0 0.3 ± 0.0
T-protein mg/L 536.7 ± 11.4 483.7 ± 8.4
S-protein mg/L 232.4 ± 12.7 324.4 ± 5.3
T-carbohydrate mg/L 2,347.1 ± 81.4 2,147.1 ± 34.3
S-carbohydrate mg/L 102.7 ± 4.6 343.8 ± 12.6

(Note: mean ± standard deviation).

Table 2
Design matrix of RSM with CCD in the each thermal hydrolysis pretreatment.

Run Reaction temp. (°C) Reaction time (min) CH4 yield (mL CH4/g COD)

1 100 90 246.2 ± 11.2
2 200 30 221.7 ± 8.9
3 150 60 271.6 ± 10.2
4 200 90 243.2 ± 11.1
5 75 60 232.7 ± 10.7
6 150 60 273.2 ± 5.6
7 150 15 228.4 ± 7.1
8 225 60 231.7 ± 10.7
9 150 105 263.2 ± 6.8
10 100 30 234.2 ± 7.7
11 150 60 268.4 ± 11.3

(Note: mean ± standard deviation).
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through the next membrane.
Fluorescence spectra of the relevant samples were measured in

standard 1.0 cm quartz cuvettes using a spectro-fluorometer (RF-600,
Shimadzu, Japan) equipped with a 150W Xenon Lamp. Fluorescence
emission spectra were collected for excitation wavelengths of 220–400
at 10 nm intervals. Each sample was diluted so its the dissolved organic
carbon (DOC) was below 1mg/L, because the inner filter effect was
minimal below these concentrations.

2.6. Microbial analysis

The microbial community was characterized using next generation
sequencing (454 pyrosequencing). The samples were stored at 4 °C prior
to the analysis. The total genomic DNA was extracted from the sample
using the Ultraclean Soil DNA Kit (Mo Bio Laboratory Inc., USA). 16S
rRNA genes fragments were amplified from the obtained DNA using a
primer set, 27F (5′-AGAGTTGATCCTGGCTCAG-3′) and 518R (5′-ATT
TACCGCGGGCTGCTGG-3′) for bacteria and 344F (5′-ACGGGGCTGCA
GCAGGGGCGA-3′) and 915R (5′-GTGCTCCCCCGCCAATTCCT-3′) for
archaea. For comparison of relative abundance including bacteria and
archaea in R1 and R2, the 16 s rRNA genes were amplified using 16S
V3-V4 primers (Forward primer: 5′-TCGTCGGCAGCGTCAGATGTGTA
TAAGAGAC-AGCCTACGGGNGGCWGCAG; Reverse primer: 5′-GTCTC
GTGGGCTCGGAGA-TGTGTATAAGAGACAGGACTACHVGGGTATCTA-
ATCC). The 454 pyrosequencing of the PCR amplicons was conducted
by Macrogen Inc. (Seoul, Korea) for sequencing on the Roche GS FLX
454 pyrosequencing platform to generate 400-bp sequence reads. The
raw sequence reads were sorted, purified, trimmed, qualified and
clustered to operational taxonomic units (OTUs). Then, taxonomic
classification of the refined sequence was performed using the RDP’s
Classifier (http://pyro.cme.msu.edu/). Detailed PCR conditions, pyr-
osequencing, and phylogenic analysis are described in previous pub-
lications (Lee et al., 2013; Lee et al., 2017)

3. Results and discussions

3.1. Optimization of THP conditions for the maximum CH4 yield

The effect of various pretreatment conditions on the CH4 production
was analyzed (Table 2). The maximum CH4 yield of
273.2 ± 5.6mL CH4/g COD was achieved at the intermediate reaction
temperature (150 °C) and reaction time (60min). The results obtained
from an analysis of variance (ANOVA) are presented in Table 3. The
values of ‘Prob > F’ less than 0.05 indicate that the model and its
terms (x1, x2, x12, and x22) were significant (Jung et al., 2011; Jo et al.,
2008). Although the model term of x1x2 was insignificant (P > 0.05),
they could not be removed to support the hierarchy of the model be-
cause the coefficient of determination (R2=0.9956) implied that this
model could explain up to 99.56% of the response variability (Jung
et al., 2011; Jo et al., 2008; Kumar and Satyanarayana, 2007). Eq. (4)
was obtained using Eq. (2) to fit the experimental data of the CH4 yield
values based on the ANOVA results.

= + + − − −y x x x x x x272.98 9.53 14.06 3.75 19.64 11.861 2 1 2 1
2

2
2 (4)

where x1, x2, and y are reaction temperature (°C), reaction time (min),

and corresponding CH4 yield (mL CH4/g COD), respectively.
The predicted values of CH4 yield were compared with experimental

values (Fig. 1). The results showed that the distribution of experimental
values was close to a straight line, and a sufficient correlation between
these values was observed. This indicated that the RSM with a CCD
could be efficiently applied for the optimization of THP in AD of sewage
sludge.

The two- and three-dimensional contours were applied to optimize
the pretreatment conditions for CH4 yield (Fig. 2). The optimum THP
conditions of x1 (0.61; 180 °C) and x2 (0.54; 76min) were obtained
from the model equation (Eq. (4). The CH4 yield peaked at optimal
conditions and then decreased with further increases. Each response
surface plot had a clear peak and each corresponding contour had a
clear highest point, implying that the maximum CH4 yield could be
obtained inside the design boundary (Jung et al., 2011). The CH4 yield
of 272.9 mL CH4/g COD was predicted at the optimum THP conditions.
Confirmation tests using batch operations were performed at optimum
conditions obtained by RSM. The tests resulted in the CH4 yield of
274.6 ± 6.2mL CH4/g COD, which was very similar to the predicted
value (272.9 mL CH4/g COD) and 1.4 times higher than that
(194.5 ± 8.2mL CH4/g COD) of control.

3.2. Characteristics change of sewage sludge by THP

THP disrupted particles and microbial compounds, then eluting the
soluble organic matter from the cells (Xue et al., 2015). SCOD/TCOD
and TVFAs reached as high as 29.7 ± 0.2% and 8.2 ± 0.1 g/L under
optimal THP, respectively. Also, S-protein/T-protein increased from
43.3 ± 0.8% to 67.1 ± 0.6%. Molecular weight distribution of the
soluble organic matter was performed before and after THP using an
ultrafiltration membrane to estimate the behaviors of organic com-
pounds (Fig. 3). After THP, the molecular weight distribution of sewage
sludge showed the increase of ‘<1kDa’ and ‘1kDa-10 kDa’ and the
decrease of ‘10kD-0.45 μm’. The increase in molecular weight< 10 kDa
fraction indicated the breakdown of large particulate organics (Liu
et al., 2013). Table 4 shows the characteristics of soluble organic matter
in sewage sludge before and after pretreatment. The UVA254 and
SUVA254 of sewage sludge decreased after THP. Dwyer et al. (2008)
reported a high SUVA254 was indicative of slowly and/or non-biode-
gradable organic matter such as melanoidins, soluble microbial pro-
ducts (SMPs) and humic substances. Therefore, these results indicate
that slowly biodegradable organic matter such as high molecular sub-
stances in sewage sludge were converted to low molecular ones after
THP.

Also, the results of the three-dimensional excitation-emission matrix
(EEM) were similar to those of SUVA254 and molecular weight

Table 3
ANOVA results for CH4 yield.

Source Sum of squares F-value P-value (Prob. > F)

Model 6,291.6 8.01 0.0082
x1 771.9 4.91 0.0422
x2 1,680.0 10.70 0.0137
x1x2 56.25 0.36 0.5684
x12 3,194.72 20.34 0.0028
x22 1,165.3 7.42 0.0296

Fig. 1. The correlation of predicted and experimental CH4 yields.
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distribution (Fig. 4). The peak of certain regions (emission wavelength:
280–380 nm; excitation wavelength: 250–320) indicated tryptophan
protein-like substances, which were observed in high-molecular sub-
stances such as SMPs and extracellular polymeric substances (EPSs)

(Chen et al., 2003; Liu et al., 2013; Luo et al., 2013). In this study, the
peaks of sewage sludge before and after THP were located at EM/EX:
320/270 (Fig. 4). However, the peak contour of sewage sludge after
THP was lower than before THP. Therefore, the SMPs and EPSs in

Fig. 2. Two- (a) and three-dimensional (b) contours of CH4 yield (z-axis) as a function of
temperature (x-axis) and reaction time (y-axis).

Fig. 3. Characteristics of sewage sludge before and after THP in terms of molecular
weight fraction.

Table 4
UVA254, UVA664 and SUVA254 of sewage sludge before and after thermal hydrolysis pre-
treatment.

Item Before pretreatment After pretreatment

UVA254 5.3 1.7
UVA664 0.03 0.03
SUVA254 2.1 0.8

Fig. 4. Three-dimensional EEM of sewage sludge before (a) and after THP (b).
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sludge were hydrolyzed to a low molecular substances through THP.
Previous studies reported that production of refractory compounds as a
consequence of thermal pretreatment especially as reaction tempera-
ture increased (Dwyer et al., 2008; Bougrier et al., 2008; Barber, 2016).
After THP, the increase of molecular weight ‘>10 kDa’ fraction and
UV254 indicated that soluble organic matter (low-molecular substances)
was converted to refractory organic compounds such as melanoidins
(Liu et al., 2013; Dwyer et al., 2008). Additionally, melanoidins have
been shown to fluoresce with EM/EX: 440/360, 423/310, and 458/363
(Dwyer et al., 2008; Coble 1996). However, in this study, the molecular
weight ‘>10 kDa’ fraction and UV254 of sewage sludge after THP de-
creased, and the peak of melanoidins (EM/EX: 440/360, 423/310, and
458/363) was not observed. Therefore, these results showed that high
molecular substances such as SMPs and EPSs in sewage sludge were
converted to low molecular ones, which were easily biodegradable
organic matter, through THP. Furthermore, refractory organic com-
pounds, such as melanoidins, were not observed in sewage sludge after
THP under optimal conditions.

3.3. Performance of THP at the optimal conditions by continuous reactors

Fig. 5 illustrates the COD removal rate and the methane yield of
each reactor (R1: w/o pretreatment; R2: w/pretreatment). The COD
removal rate of R2 was always over 60% for steady state periods. In the
period after day 121 (organic loading rate (OLR) of 4.4 kg COD/m3.d),

the average COD removal rate of R1 and R2 were 40.2 ± 3.3% and
61.2 ± 1.5%, respectively.

In the period before day 67, the methane yields of R1 and R2
showed similar trends. After day 67 (OLR of 3.8 kg COD/m3.d), a dif-
ference in the methane yield between R1 and R2 was observed. At OLR
of 3.8 kg COD/m3.d, the methane yield of R2 was
0.231 ± 0.027 L CH4/kg CODadded, which was 1.3 times higher than
that of R1 (0.174 ± 0.010 L CH4/kg CODadded). At OLR of 4.4 kg COD/
m3.d, the methane yield of R1 decreased by 5.4% as compared to OLR
of 3.8 kg COD/m3.d, while the methane yield of R2 was increased by
6.2%. Haug et al. (1978) found that methane yield increased in AD of
sludge as THP temperatures increased up to 175 °C. Methane yield in-
creased by 14% at 100 °C, whereas it could be expected to increase up
to 70% at 175 °C. Li and Noike (1992) also found that biogas production
increased after THP, but the gas production rate decreased with in-
creasing reaction time in the anaerobic digestion. Biogas production
increased with increasing reaction temperature between 120 °C and
170 °C, but decreased slightly at 175 °C. Wilson et al. (2011) reported
the increase of biogas production between 24% and 59% after THP at
150–170 °C when compared to conventional mesophilic AD. Pérez-
Elvira et al. (2012) reported that the biogas production after THP
(170 °C and 30min) in AD was 1.3 times higher than that in conven-
tional AD. Han et al. (2017b) reported that methane yield from sludge
after THP (160 °C and 50min) in AD was 2.6 times higher than that in
conventional mesophilic AD. Results of this study showed that the
methane yield of R2 under optimal conditions (180 °C and 76min) was
1.6 times (at OLR of 4.1 COD/m3.d) higher than that of R1, which was
similar to previous studies.

3.4. Bacterial and archaeal communities

Fig. 6(a) illustrates the microbial community that existed in AD of
R1 and R2. Clostridia and Bacteroidia were the predominant classes in
the bacterial community as shown in Fig. 6(a). Clostridia are strict
anaerobes and represent the most prevalent bacterial class in meso-
philic AD (Ziganshin et al., 2013). Clostridia could perform various
fermentation pathways in anaerobic condition, and they are involved in
acetogenesis including syntrophic acetate oxidation (Goux et al., 2015;
Ziganshin et al., 2013). Bacteroidia also are mainly found in AD, and
they have resistance to adverse environments (Goux et al., 2015). The
relative abundances (40.4% and 5.5%) of Clostridia and Bacteroidia in
R1 were higher than those (40.4% and 5.5%) in R2, respectively. Zhang
et al. (2016) reported that, in AD of sewage sludge with and without
pretreatment, changes of the fermentative bacterial community oc-
curred at acidogenesis step due to VFAs accumulation. However, in this
study, the fermentative bacterial community decreased slightly, and no
significant changes occurred. It indicated that, despite of the increase in
VFAs due to THP (Table 1), VFAs of R2 were not excessively accumu-
lated. Additionally, it is considered that the methanogens community of
R2 continuously consumed VFAs and prevented their accumulation.

Fig. 6(b) illustrates the phylogenetic tree of the archaeal clones
detected from obtained microbial samples. According to the results of
microbial community analysis, class Methanobacteria and Methanomi-
crobia were detected in both reactors. OTU-AT1, OTU-AT2, OTU-AT3
and OTU-AT4 were detected in R2, and OTU-BT1 and OTU-BT2 were
detected in R1. In R2, Methanomicrobia were the most dominant class
with an abundance of 40.3%. As the result of phylogenetic trees,
acetoclastic and hydrogenotrophic methanogens are detected in R2.
The composition of acetoclastic methanogens were Methanosarcina
(OTU-AT1), Methanosaeta (OTU-AT2), and that of hydrogenotrophic
methanogens were Methanoculleus (OTU-AT3) and Methanobacterium
(OUT-AT4). Methanosarcina, Methanosaeta and Methanobacterium be-
long to the class Methanomicrobia. Methanobacterium belongs to the
class Methanobacteria. Schauer-Gimenez et al. (2010) reported that the
relative abundance of hydrogenotrophic methanogens was lower than
that of acetoclastic methanogens such as Methanosaeta, but the specific

Fig. 5. Variations of COD removal rate (a) and methane yield (b) with time in continuous
reactors (R1: w/o pretreatment; R2: w/pretreatment).
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methanogenic activity (SMA) for hydrogen uptake was higher than for
acetate. Li et al. (2016) reported that hydrogenotrophic methanogens
efficiently degraded accumulated VFAs and converted excessive acetate
to methane through syntrophic acetate oxidation and hydrogenotrophic
methanogenesis. Therefore, these results indicated that due to pre-
dominate both acetoclastic and hydrogenotrophic methanogens in R2
with THP, methane yield and COD removal rate of R2 were higher than
those of R1.

4. Conclusion

THP of sewage sludge was applied to improve the efficiency of AD.
Using RSM, the optimum conditions were determined: reaction tem-
perature of 180 °C and reaction time of 76min. High molecular sub-
stances, such as SMPs and EPSs, in untreated sludge was hydrolyzed to
low molecular ones through THP. Moreover, slowly degradable and
refractory organic compounds, such as melanoidins, were not gener-
ated. The microbial community analysis revealed that both acetoclastic
and hydrogenotrophic methanogens were dominant in the AD with
THP. Therefore, it can be concluded that THP of sewage sludge en-
hanced the methane production and VS reduction efficiency.
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