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Abstract

Background: This study investigated the feasibility of enhancing anaerobic digestion of sewage sludge with triple,
dual, and individual pretreatment of waste activated sludge with heat, alkalinity, and hydrogen peroxide. These
pretreatments disrupt sludge flocs, organisms’ cell walls, extracellular polymeric substance, and intracellular organic
matter, which increase biodegradability and hydrolysis rate of activate sludge. In addition, the influence of various
variables on methane production was analyzed using the response surface methodology with the quadratic model.
Eventually, an optimized temperature and chemical concentration for the highest methane production and lowest
chemical usage is suggested.
Results: The highest amount of methane production was obtained from the sludge pretreated with triple
pretreatment (heat (90 °C), alkaline (pH = 12), and hydrogen peroxide (30 mg H2O2/g TS)), which had better
performance with 96% higher methane production than that of the control sample with temperature of 25 °C
approximately and a pH = 8. Response surface methodology with a quadratic model was also used for analyzing
the influence of temperature, pH, and hydrogen peroxide concentration on anaerobic digestion efficiency. It was
revealed that the optimized temperature, pH, and hydrogen peroxide concentration for maximizing methane
production and solubilization of sludge and minimizing thermal energy and chemical additives of the
pretreatments are 83.2 °C, pH = 10.6 and 34.8 mg H2O2/g TS, respectively, has the desirability of 0.67.
Conclusion: This study reveals that triple pretreatment of waste activated sludge performed better than dual and
individual pretreatment, respectively, in all desirable output parameters including increasing methane production as
the most important output, increasing in COD solubilization, protein and polysaccharide, and decreasing in VSS
solubilization.
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Background
Energy supply is one of the most important challenges
in today’s world. Nowadays, the most important source
of energy production, especially in developing countries,
is fossil fuels due to their easy availability and low cost.
However, fossil fuels have many problems, including en-
vironmental problems and non-renewability. Therefore,
the need for renewable and clean energy is rapidly in-
creasing [1]. On the other hand, contamination caused
by human activity has created numerous problems for
the environment such as climate change, ozone deple-
tion, plant and aquatic species extinction, and water
contamination [2]. One way to address these issues is
the use of wastewater treatment plants, in which waste-
water is treated prior to being released into water
streams. An important challenge associated with waste-
water treatment plants is the management of sludge pro-
duced from the treatment process. This is important
because sludge treatment units are the most cost-
intensive parts of wastewater treatment plants, account-
ing for up to 60% of their total operating costs [3–5].
As a practical solution for simultaneous renewable en-

ergy production and contamination removal from the
sludge treatment process, anaerobic digestion of sewage
sludge has been used widely in wastewater treatment
plants [6]. Anaerobic digestion of sewage sludge includes
four predominant reactions, namely hydrolysis, acido-
genesis, acetogenesis, and methanogenesis. Hydrolysis
reaction plays an important role in converting organic
matter to readily biodegradable organic matter for or-
ganisms’ consumption, in which high molecular weight
compounds such as protein, carbohydrates, and lipids
are converted to a soluble phase. However, this stage is
often restricted because of poor biodegradability of or-
ganic matter especially in anaerobic digestion of waste
activated sludge [7]. To address this issue, recent re-
searches have focused on different methods of enhan-
cing the hydrolysis rate of anaerobic digestion of waste
activated sludge with the thermal, chemical, and mech-
anical treatment of the sludge prior to anaerobic diges-
tion [8–12]. These pretreatments disrupt sludge flocs,
organisms’ cell walls, extracellular polymeric substance
(EPS), intracellular organic matter, and multivalent cat-
ions, which increase biodegradability and hydrolysis rate
of organic matter [13, 14]. According to recent studies,
thermal pretreatment at a low temperature, alkaline pre-
treatment, and hydrogen peroxide pretreatment of sew-
age sludge have been considered as high-performance
pretreatments in enhancing anaerobic digestion [10, 15].
Alkaline pretreatment is an effective method known in

pretreatment methods, which can lead to the solubility
of lignin and the types of neutralized acids produced by
lignocellulosic complexes. In addition, the presence of a
small amount of remaining alkali after pretreatment may

help to stabilize pH during the acidogenesis process [16].
In many cases, as a post-digestion measure, lime as alka-
line agent is added to the sludge so as to increase pH and
kill pathogens, which improves the applicability of the
sludge for different purposes such as fertilization [16].
Heat pretreatment especially at temperature above

100 °C is initially used to improve sludge dewaterability
by destroying the gel structure, which can destroy cell walls
to release organic chemicals into the soluble phase, result-
ing in higher biodegradation and lower sludge viscosity
[17]. Thermal pretreatment is divided into two cases: low
temperature (lower than 100 °C) and high temperature
(higher than 100 °C). The pretreatment method, in which a
lower temperature is used, is considered more economically
attractive and environmentally friendly.
Hydrogen peroxide (H2O2) has been successfully used

for disintegration of anaerobic biomass [18]; this is due
to the production of free radicals such as NO•2 and
HO• that disrupt cell walls, proteins, membrane phos-
pholipids and EPS [19–21]. Interestingly, it has been re-
vealed that H2O2 could be produced in situ from
wastewater through a bio-electrochemical system [22].
Furthermore, Zhang et al. [23] reveal that H2O2 as a po-
tential substance for combined pretreatments can in-
crease methane production from waste activated sludge
by 23%. Moreover, H2O2 causes the organic matter to
enter the soluble phase and the microbial quality of
sludge is slightly increased due to the lack of organic
matter [14].
Therefore, thermal pretreatment was carried out in a

warm water bath which was set at two specific tempera-
tures. For alkaline pretreatment, by adding an adequate
amount of the 1 N NaOH solution to the activated
sludge which was filled in 1-l glasses, the pH of the con-
tainers was set at the particular numbers. In pretreat-
ment with H2O2, values of 30 and 60mg of H2O2/g TS
were added to the activated sludge in the glasses. More-
over, in dual and triple pretreatments, the pretreatments
were performed in a specific order in following with
which was done for the single pretreatment.
This is the first study to analyze and optimize com-

bined thermal, alkaline, and hydrogen peroxide pretreat-
ment of waste activated sludge for enhancing anaerobic
digestion of sewage sludge. In addition, the influence of
various variables on methane production was analyzed
using the response surface methodology (RSM) with the
quadratic model. Eventually, an optimized temperature
and chemical concentration for the highest methane
production and lowest chemical usage is suggested.

Results
Source and characterization of sludge
Primary sludge, activated sludge, and inoculum were col-
lected from South Tehran’s wastewater treatment plant.
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This plant is the largest wastewater treatment plant
in the Middle East with the capacity of 450,000 m3/
day to receive and process a sewage flow. Primary
sludge from gravitational sedimentation, activated
sludge from a belt thickener, and inoculum from
mesophilic anaerobic digesters were collected for sub-
sequent use. Primary and waste activated sludge were
maintained at 4 °C and inoculum at 37 °C before be-
ing used in the experiments. Table 1 lists the main
characteristics of primary sludge, waste activated
sludge, and inoculum.

Pretreatment effect on organic matter solubilization
Considering the results of previous studies [4, 24, 25]
and the effectiveness of the pre-tests performed in
this study, the proposed input range, as shown in
Table 2, was applied. For statistical analysis, variable
levels were normalized to three levels low (0),
medium (1), and high (2).
Table 3 shows the effects of different pretreatments

on the solubility of organic matter in waste activated
sludge. A significant increase in COD solubility in
all treated samples was observed compared to the
controls, varying from 3.65 to 30.37%. The highest
increase in sCOD was due to the triple combination
of A2 + B2 + C1 (19th test) pretreatment, which in-
creased the sCOD to 19.29 g/L. Similar results are
recorded in previous research [24, 26]. On the other
hand, VSS variations are closely correlated with the
sCOD. The highest VSS reduction, which was equal
to 19.71 g/L, was also obtained from the combined
pretreatment of A2 + B2 + C1. According to the
ANOVA table for COD solubility (Additional file 1:
Table S1), a second-order model with respect to
R2 > 0.98 and p-value = 0.0003, which is smaller than
the acceptable value of 0.05 has been suggested. Ac-
cording to the analysis and by eliminating the un-
wanted terms, the following equation is proposed for
COD solubility:

COD solubilization %ð Þ ¼ ‐67:011‐0:166� A
þ 13:481� Bþ 0:210
� C‐0:017� A� B
þ 0:004� A2‐0:509
� B2‐0:003� C2 ð1Þ

According to the ANOVA table for VSS (Add-
itional file 1: Table S1), each of the input variables had a
significant effect on VSS solubility with R2 > 0.98 and p-
value< 0.05. Interaction effects of B × C and C × A were
removed because of their inappropriate p-value (> 0.05).
According to the statistical analyses performed by the
RSM and by eliminating the unwanted terms, the follow-
ing equation is proposed for the VSS solubility:

VSS Solubilization %ð Þ ¼ −130:034−0:180� A
þ 25:442� Bþ 0:343
� C−0:023� A� B
þ 0:006� A2−1:001
� B2−0:005� C2 ð2Þ

In this study, the amount of soluble protein and sol-
uble polysaccharide were measured before and after the
treatments. According to the data obtained, the amount
of soluble protein and soluble polysaccharide increased
significantly when the pretreatments were applied to
waste activated sludge. This enhancement was more
considerable when a higher concentration of chemicals
and higher temperature were used. The highest en-
hancement in soluble protein and soluble polysaccharide
obtained from the bioreactor pre-treated with 20th test,
in which they respectively reached to 3.91 g/L and 0.59
g/L. These values are considerably higher than those ob-
tained from the control bioreactor with 0.52 g/L (soluble
protein) and 0.01 g/L (soluble polysaccharide). The
amount of soluble protein and soluble polysaccharide ex-
perienced a slight increase in the control bioreactor with-
out any chemical addition or pH control, confirming a
slight solubilization in the control due to natural activity
of the organisms. A similar enhancement was observed in
previous studies [12, 27]. For protein changes, the quad-
ratic model is proposed with R2 > 0.97 and p-value =
0.0008 (Additional file 1: Table S1). The proposed model
with the elimination of unwanted terminology is equal to:

Table 1 Characteristics of sludge used in the experiment
Parameters PS WAS Inoculum

TCOD (gL− 1) 35.94 ± 1.6 63.51 ± 3.5 37.00 ± 0.8

sCOD (gL− 1) 5.25 ± 0.2 4.81 ± 0.1 4.23 ± 0.1

TS (gL− 1) 27.91 ± 1.4 44.20 ± 1.6 29.06 ± 1.4

VS (gL− 1) 20.12 ± 0.4 35.41 ± 1.4 17.40 ± 0.3

TSS (gL−1) 23.82 ± 1.1 39.30 ± 1.9 22.14 ± 0.9

VSS (gL−1) 17.76 ± 0.9 30.11 ± 1.3 14.58 ± 0.2

pH 6.36 ± 0.1 6.52 ± 0.3 7.33 ± 0.2

TCODtotal chemical oxygen demand, sCODsoluble chemical oxygen demand,
TStotal solid, VSvolatile solids, TSStotal suspended solids, VSSvolatile
suspended solids

Table 2 Levels and code of variables
Variables Symbols Range and value of variables

0 (Low) 1 (Medium) 2 (High)

Temperature (°C) A 25 75 90

Alkalinity (pH) B 8 10 12

H2O2 concentration
(mg/ g TS)

C 0 30 60
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Increase of Protein g=Lð Þ
¼ ‐8:071‐0:042� Aþ 1:728� Bþ 0:012� C

þ 0:002� B� Cþ 0:001� A2‐0:070
� B2‐0:0002� C2 ð3Þ

Figure 1 shows the normal probability figures of COD
and protein solubility. According to these forms, the less
the dispersion of the existing data, the closer the results
are to the normal line. In other words, when the R2

value tends to 1, the proposed model is stronger. Con-
tour and 3D curves for COD and protein solubility at
various concentrations of 0, 30, and 60 mg H2O2/g TS
are shown in Figs. 2 and 3. According to Fig. 2, COD
solubility is predicted to increase up to 32% in combined
pretreatment of 60 mg H2O2/g TS, 90 °C, and pH = 12,
while the highest solubility enhancement from experi-
mental results was 30.4% (19th test). The highest pre-
dicted VSS solubility was 55% in combined pretreatment
of 60 mg H2O2/g TS, pH = 12, and 90 °C, while the high-
est amount obtained from experimental results was 50%
obtained from the 20th test (30 mg H2O2/g TS, pH = 12,
and 90 °C). The addition of hydrogen peroxide to pre-
treatment demonstrated its function in breaking down

the cell walls, as well as the EPS, caused by the release of
radicals (hydroxyl radicals, hydroperoxyl radicals), con-
verting organic matter to soluble phase [14].

Daily biogas production
As shown in Figs. 4 and 5, the highest daily biogas produc-
tion was obtained between third and fifth days through
the bioreactors. During the first days of the digestion
process (Additional file 1: Table S2), the amount of biogas
production in the control bioreactor was higher than most
of the pre-treated bioreactors. This can be either attrib-
uted to the presence of inhibitory factors of the pretreat-
ment or due to the high organic loading available to
anaerobic organisms and excessive volatile fatty acid [28].

Cumulative methane production
The amount of methane production from different bio-
reactors was measured regularly during the anaerobic di-
gestion process (Additional file 1: Table S3). For
normalizing the data, the produced methane (mL) was
divided by the added volatile solids (gram) to each bio-
reactor. The effects of different pretreatment types on
the cumulative yield of biogas production are shown in

Table 3 Experimental design with response surface methodology and the results
No. Input Variables Results

Methane Production Microbial

Temp. (°C) pH H2O2 concentration
(mg/ g TS)

Cumulative
MP (mL/ g VS)

Increase
MP (%)

COD
Solubilization (%)

Increase of
sCOD (g/L)

Decrease of
VSS (g/L)

Increase of
Protein (g/L)

Increase of
Polysaccharide
(g/L)

1 25 8 0 314 0 3.65 2.32 1.95 0.52 0.01

2 25 8 30 373 18.79 8.09 5.14 5.11 0.95 0.03

3 25 8 60 358 14.01 9.05 5.75 4.25 1.35 0.04

4 25 10 30 410 30.57 18.67 11.86 10.61 2.16 0.27

5 25 10 60 426 35.67 18.97 12.05 12.24 2.53 0.22

6 25 12 0 444 41.4 14.56 9.25 8.67 1.66 0.17

7 25 12 60 471 50 22.59 14.35 13.88 2.94 0.18

8 75 8 30 402 28.02 16.72 10.62 10.98 1.68 0.22

9 75 8 30 415 32.17 16.34 10.38 11.21 1.84 0.2

10 75 10 30 480 52.67 21.67 13.76 14.35 2.87 0.38

11 75 10 30 469 49.36 21.82 13.86 14.51 2.46 0.34

12 75 10 30 488 55.41 21.56 13.69 14.2 2.81 0.28

13 75 10 60 506 61.15 23.43 14.88 15.72 2.97 0.33

14 75 10 60 502 59.87 23.51 14.93 15.99 3.02 0.23

15 75 12 0 492 56.69 17.86 11.34 12.01 2.39 0.17

16 90 8 0 418 33.12 15.24 9.68 8.08 2.14 0.18

17 90 8 60 524 66.88 22.17 14.08 15.64 2.85 0.31

18 90 10 0 479 52.55 21.1 13.4 14.55 2.74 0.36

19 90 12 30 615 95.86 30.37 19.29 19.47 3.81 0.52

20 90 12 30 621 97.77 30.17 19.16 19.71 3.91 0.59
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Table 3. The amount of cumulative methane yield was
considerably enhanced when combined pretreatment
methods were used. The highest enhancement in me-
thane production (97.77%), compared to the control,
was obtained when the combination of A2 + B2 + C1
pretreatments was employed. This is 30.89% higher than
the highest increase achieved from the bioreactors with
dual treatments (A2 + C2), corroborating the effective-
ness of triple pretreatment compared to individual and
dual pretreatments. As in previous studies [13, 25, 29],
the methane enhancement considering only the individ-
ual pretreatment used in this study was between 10 and
30%. In this study, the methane increase from individual
pretreatment was between 14% in C2 and 33% in A2.
Methane enhancement from dual pretreatments was be-
tween 28 and 66%, while in previous studies, it was
around 20 to 70% [12, 24].
Analysing the results of cumulative biogas production in

Table 3 using RSM, a quadratic model with R2 > 0.98 and
p-value< 0.0001 was suggested (Additional file 1: Table S1).
By eliminating unacceptable terms and incorporating ac-
ceptable terms, the following equation was achieved:

Increase MP %ð Þ ¼ ‐39:897‐1:798� Aþ 8:408
� Bþ 0:678� Cþ 0:005
� A� Cþ 0:0181
� A2‐0:006� C2 ð4Þ

Figure 6 shows contour and 3D graphs related to
the increase of cumulative methane production in

different concentrations of hydrogen peroxide. Ac-
cording to these diagrams, the highest percentage of
cumulative methane production is about 115%, which
abstained from the bioreactors pre-treated with 90 °C,
pH = 12, and 60 mg H2O2/g TS. It is important to
note that the highest increase in cumulative biogas
production, which was 98%, was observed in the 20th
test.

Optimum pretreatment condition
A scenario was written for achieving the optimum
condition, whereby temperature, pH, and H2O2 were
minimized and the methane production, sCOD, sol-
uble protein, and soluble polysaccharide were maxi-
mized. In the scenario, methane production was
allocated the highest importance factor (Table 4). The
best-suggested desirability was 0.673. Desirability is an
objective function that varies from zero outside the
range to one in the goal. Numerical optimization
finds a point that maximizes utility performance. The
characteristics of a goal may be changed by adjusting
the weight or importance. For several responses and
factors, all goals fall into one desirable function [30].
Table 4 shows the information pertaining to the
optimization process. Another test with the suggested
inputs was carried out for verifying the predicted phe-
nomena in the model, in which the methane enhance-
ment of 71% was achieved in the pre-treated
bioreactor (Table 5). The difference achieved can be
attributed to different sludge characterizations in the

Fig. 1 Normal plots of residuals for a COD solubilization b increase of protein
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verification test. Despite the important results this
study represents, applying new systems to anaerobic
digestion of sewage sludge entails precise economic
and feasibility assessments. Thus, in prospective stud-
ies, economic assessments for full-scale application of
the pretreatments are crucial, in addition to investi-
gating possible side-effects of the pretreatments on
microbial communities and behavior in long-term
exposure.

Discussion
The main objective of this research was to investigate
the effect of combined and individual thermal, alkaline,
and hydrogen peroxide pretreatment of waste activated
sludge on anaerobic digestion efficiency.
The significant increase of COD solubility can be at-

tributed to the breakdown of cellular and microbial walls
and the release of organic materials such as polysaccha-
rides and proteins to the soluble phase [31, 32]. All three

Fig. 2 Contour and 3D plots for COD solubilization at different concentration of H2O2 a 0 b 30 and c 60 mg/g TS
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input variables of temperature, pH, and H2O2 concentra-
tion individually affected the COD solubility signifi-
cantly, whose p-values were less than < 0.0001. For
determining the effects of interactions, the term A × B
had a positive effect with p-value< 0.05 and appropriate
F-value, but the effect of C × B and C × A was insignifi-
cant with p-value> 0.1 and the very low and inappropri-
ate F-value, so they were deleted. For the second-order
equation, A2, B2, and C2 had significant effects (p-value<
0.05). Also, according to ANOVA table (Additional file 1:

Table S1), the model is very suitable because of the lack
of fit p-value and fit F-value. Organic matter is generally
divided into two parts: biodegradable organic matter,
which is consumed by microbial community, and non-
biodegradable organic matter, which is not decomposed
by organisms. Protein and polysaccharide, the two read-
ily biodegradable components of COD, account for
around 60% of organisms constituents in sludge [3].
Therefore, enhancement of soluble protein and polysac-
charide means that a higher amount of nutrients is

Fig. 3 Contour and 3D plots for Increase of protein at different concentration of H2O2 a 0 b 30 and c 60 mg/g TS
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