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A B S T R A C T

A novel pretreatment method combining thermophilic bacteria (TB) with alkyl polyglucose (APG) was employed
to pretreat waste sludge for enhancing the sludge hydrolysis. TB combined with APG pretreatment was effective
in the releasing of soluble chemical oxygen demand (SCOD), protein and carbohydrate in extracellular polymeric
substances (EPS) when the dosage of APG was below 0.1 g/g TSS. The enhancement of SCOD, carbohydrates and
protein in dissolved organic matter (DOM) was promoted by the synthetic effect of APG and TB, which provides
more carbon and energy source to the subsequent biochemical processes in sludge digestion. Excitation-emission
matrix (EEM) fluorescence spectroscopy revealed that the combined pretreatment was beneficial for the decrease
of non-biodegradable materials and the increase of biodegradable materials in DOM, resulting in the enhance-
ment of the biodegradation of waste sludge. The combined use of TB and 0.4 g/g TSS APG achieved the maximal
activities of protease (1.8) and α-glucosidase (1.9), and the activities of protease and α-glucosidase were posi-
tively correlated to the dosage of APG. The combined pretreatment was advantageous for the sludge reduction
and sludge stabilization.

1. Introduction

Large quantities of waste sludge are generated during the waste-
water disposal process, which has become a severe challenge in recent
years (Wang et al., 2019). It is estimated that approximately 40 million
tons of sewage sludge with moisture content of 80% will be produced in
both the United States and China annually (Wang et al., 2019). The
direct disposal of the sludge to the environment has been found to
impact on the environment and human health, due to the presence of
heavy metals, pathogens and pesticides in the sludge (Yuan et al.,
2011). Actually, waste sludge is regarded as a potential biomass energy
source for its high content of organic matter (Wang et al., 2014). Re-
levant researches had worked on converting waste sludge into biogas,
fertilizer, or carbon source, which made profits to reduce costs for
waste sludge disposal (Guo et al., 2016; Lin and Li, 2018; Zhang et al.,
2010). Among various energy recovery methods, anaerobic digestion is

one of the most cost-effective and environmentally beneficial technol-
ogies to achieve energy and resources recycling in sludge disposal
(Beegle and Borole, 2018; Wang et al., 2019). Anaerobic digestion in-
volves a series of steps, i.e. hydrolysis, acidogenesis (fermentation),
acetogenesis and methanogenesis. The hydrolysis step is generally
considered as the rate-limiting step because of the complex floc struc-
ture (such as extracellular polymeric substances) and hard cell wall
(Zhen et al., 2017). For this reason, a variety of sludge pretreatment
options, such as mechanical, thermal, chemical, biological processes or
integrations of these have been developed to accelerate the hydrolysis
(Lin and Li, 2018; Sun et al., 2016; Yang et al., 2015b).

Among these approaches, thermophilic bacteria (TB) is regarded as
an economical and eco-friendly pretreatment method (Yang et al.,
2015b). TB pretreatment has advantages such as highly efficient en-
hancement of solid reduction, simple control requirements and ex-
tensive application prospect (Guo et al., 2015). Moreover, TB can
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excrete exoenzyme to lyse the cells of other microorganisms, break the
polymeric substances, hydrolyses large complicated molecules to sim-
pler ones, which can improve accessibility. To further improve the ef-
ficiency of sludge hydrolysis, TB pretreatment can be combined with
other pretreatment methods such as chemical pretreatment (Kavitha
et al., 2016). Alkyl polyglycosides (APG), as an emerging nonionic
biosurfactant with high biodegradability, low toxicity, and good eco-
logical compatibility, is attracting increasing interest due to its appli-
cation potential (Kavitha et al., 2014). Recently, APG has been applied
to improve the short chain fatty acid production and organic matter
degradation of waste sludge during the anaerobic digestion (Luo et al.,
2015; Zhao et al., 2015). However, the application of APG to enhance
the hydrolysis of waste sludge has never been reported, and the sub-
strate metabolism process of waste sludge assisted by APG was still
unclear. It was reported that APG can promote the disaggregation of
solid substances due to its solubilization feature (Luo et al., 2015), and
therefore accelerate the liquefaction rate of solid organics into the li-
quid phase. Moreover, biosurfactant APG could improve the contact
between TB and sludge flocs by reducing the repelling action between
bacteria and sludge particulate (Kavitha et al., 2014). In view of the
unique properties of APG, APG pretreatment is a feasible and promising
strategy to promote the sludge hydrolysis with TB pretreatment.

In this study, a novel pretreatment method combining APG with TB
was employed to enhance the hydrolysis of waste sludge. Changing of
soluble chemical oxygen demand (SCOD), carbohydrate and protein in
extracellular polymeric substances (EPS) and dissolved organic matter
(DOM), as well as the excitation-emission matrix (EEM) fluorescence
spectra characteristics combined with regional integration were ana-
lyzed to investigate the substrate metabolism during the sludge hy-
drolysis. Meanwhile, the activities of protease and α-glucosidase were
evaluated to reveal the microbial activities. The objective of this study
was to develop an efficient and eco-friendly pretreatment method and
evaluate its feasibility for waste sludge hydrolysis. The results here will
provide valuable information to illustrate the effects of TB pretreatment
and APG pretreatment on sludge digestion.

2. Material and methods

2.1. Waste sludge characterization, inoculation and surfactant

The waste sludge was obtained from the secondary sedimentation
tank of a wastewater treatment plant in Qingdao, China. The hydraulic
retention time, sludge retention time and substrate to biomass ratio of
the biological process at the treatment plant are 19 h, 11.5 d, 0.08 kg
BOD/kg SS · d, respectively. The plant has a population equivalent of
260000 inhabitants. Prior to use, the precipitate was filtered through a
2mm sieve and then placed in a refrigerator at 4 °C. The key properties
of sludge were as follows: pH 7.1 ± 0.4, suspended solids (SS)
9.8 ± 0.5 g/L, volatile suspended solids (VSS) 6.0 ± 0.3 g/L, SCOD
537.5 ± 26.9 mg/L, and the initial concentrations of soluble protein
and carbohydrate were 31.9 ± 1.6mg/L and 23.7 ± 1.2mg/L, re-
spectively.

Thermophilic bacteria (Bacillus sp. AT07-1, FJ231108) were sepa-
rated according to our previous method (Guo et al., 2010). The strain
was cultivated in a 250mL flask with 100mL of Luria-Bertani liquid
medium (10.0 g tryptone, 5.0 g yeast extract, 10.0 g NaCl, 1000mL
distilled water) at 65 °C, with shaking at 140 rpm in an orbital shaker
for 48 h. Then the collected bacteria suspension was used as the in-
oculum for the pretreatment.

APG is a nonionic surfactant, with a chemical formula C15H14N2O5

and has a relative molecular mass of 302.0. The biosurfactant APG 0814
used in this study was obtained from Lusen Chemical Co., Ltd.
(Shandong Province, China). The solid content and density of APG are
50% and 1.1 g/cm3 (25 °C), respectively.

2.2. Batch experiments

2.2.1. TB and APG pretreatment
Batch experiences were designed to clarify the effect of TB and APG

on the hydrolysis of waste sludge. The experiment of TB pretreatment
was conducted in a 250mL serum bottle, where a total of 5mL of
bacteria suspension (strain AT07-1) was inoculated into 200mL of
sludge. The experiments of APG pretreatment were conducted in
250mL serum bottles containing several dosages of APG (0.05, 0.1, 0.2,
0.3 and 0.4 g/g TSS) mixed with 200mL sludge. The sludge hydrolysis
with no APG and TB addition was used as the blank test. The 250mL
serum bottles containing 0.05, 0.1, 0.2, 0.3 and 0.4 g/g TSS APG were
named as A1, A2, A3, A4, A5, respectively. All of the serum bottles were
stirred at a frequency of 140 rpm, and the temperature of TB and APG
pretreatment was 65 °C and 25 °C, respectively. All experiments were
performed in triplicate.

2.2.2. Pretreatment by TB combined with APG
A total of 5mL of inoculation (strain AT07-1) and APG was added in

six 250mL serum bottles containing 200mL of sludge, and the dosage
of APG was 0, 0.05, 0.1, 0.2, 0.3 and 0.4 g/g TSS, respectively. The
mixture was stirred in a 65 °C water bath shaker at 140 rpm. All ex-
periments were performed in triplicate.

2.3. Analytical methods

2.3.1. Chemical analysis
A digital pH-meter (PHB-5, Aolilong, Hangzhou) was used to mea-

sure the pH. SS and VSS were measured by standard gravimetric
methods (Bose and Tiwari, 2019). The measurement of SCOD was based
on a microwave digestion method (model MS-3 Microwave Digestion
System for COD Determination, China) (Guo et al., 2015). The con-
centration of soluble carbohydrate was determined according to the
phenol-sulfuric acid method, using glucose as the standard (Yi et al.,
2013). The concentration of soluble protein was measured by the
Lowry-Folin method with bovine serum albumin as standard (Guo
et al., 2016). The assays of α-glucosidase and protease were performed
according to previous work (Lin and Li, 2018), using 0.1% p-ni-
trophenyl-α-D-glucopyranoside and 0.5% azocasein, respectively, as
the substrates.

2.3.2. The extraction of EPS and DOM
EPS extraction: The extraction of EPS was the same as our previous

study (Guo et al., 2014). The sludge was centrifuged at the speed of
8000 rpm for 10min. After the supernatant was removed, the sediment
was washed thrice with distilled water. The washed sediment was kept
in an 80 °C water bath for 10min, and then centrifuged for 10min at
8000 rpm with supernatants being collected. The collected supernatants
were filtrated prior for EPS analysis through a 0.45 μm cellulose acetate
membrane (Guo et al., 2018).

DOM extraction: The sludge was concentrated for 20min
(8000 rpm) at first. Then, the DOM samples were obtained by filtering
the collected supernatants through a 0.45 μm cellulose acetate mem-
brane filter (Guo et al., 2015).

2.3.3. EEM fluorescence spectroscopy and fluorescence regional integration
analysis (FRI) analysis

EEM spectra was determined by a Hitachi F-4500 spectro-
fluorometer (Tokyo, Japan) at 24 °C. The spectra were obtained with
corresponding scanning emission spectra from 200 to 500 nm at 5 nm
increments by changing the excitation wavelength from 200 to
400 nm at 5 nm sampling intervals. Excitation and emission were
scanned at wavelengths of 200–400 nm and 200–500 nm, respectively,
at 5 nm intervals. The slit widths were maintained at 5 nm for all the
measurements, and the scan speed was fixed at 1200 nm/min.
Subtracting the blank spectrum (pure distilled water) from the samples
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was used to eliminate the Raleigh scattering. Interpolation was used to
regulate Raman scattering (Jacquin et al., 2017).

EEM fluorescence spectra were divided into five regions based on
the differences of excitation-emission wavelengths of organic matters
(Table 1). Among these five organics, biodegradable materials included
tyrosine-like protein and soluble microbial by-product-like substances;
non-biodegradable materials included tryptophan-like, fulvic acid-like
and humic acid-like substances (Jia et al., 2013). FRI technique was
used to handle EEM data. The calculation of percent fluorescence re-
sponse (Pi,n, %) was in accordance with our previous study (Zhang
et al., 2017).

2.4. Statistical analysis

All those experiments were conducted in triplicate. Statistical ana-
lysis was carried out using the Statistical Package for Social Sciences
(SPSS) software. An analysis of variance was employed to assess the
significance of the results, and p < 0.05 was recognized to be statis-
tically significant.

3. Results and discussions

3.1. The releasing of EPS

EPS keep the sludge components aggregates together, which mainly
consist of biological polymers, such as carbohydrate and protein (Liu
et al., 2012). Fig. 1 presents the releasing of EPS with different

pretreatments. For the raw sludge, the concentrations of SCOD, soluble
carbohydrate and soluble protein in EPS were 3987.5, 80.2, and
757.7 mg/L, respectively. The minimum SCOD content (1162.5 mg/L)
in EPS was obtained with TB combined with 0.05 g/g TSS APG
(Fig. 1a). The concentration of SCOD in EPS reached to 1400.0 mg/L
with 0.05 g/g TSS APG. Compared with APG, TB is effective in SCOD
release, and the concentration of SCOD reached to 1175.0 mg/L after
12 h. Compare with TB and APG pretreatment, the reduction of SCOD in
EPS with the combined use of TB and APG can be divided into three
phases: a fast degradation phase, followed by a period of steady growth,
and finally decreased again (Fig. 1a). It was reported that surfactant
with a long alkyl chain could form micelles which have good biocidal
activity at the interface (Zaky et al., 2015). Therefore, an adaptation
period was required for TB, and more EPS were produced by micro-
organisms for self-protection, leading to the increment of SCOD in EPS
at the intermediate stage of the pretreatment.

The minimum concentration of soluble carbohydrate (13.2 mg/L) in
EPS was obtained with TB and 0.05 g/g TSS APG combination. With
0.05 g/g TSS APG, the concentration of soluble carbohydrate in EPS
decreased to 53.0mg/L. Compared with APG pretreatment, TB pre-
treatment is more effective in the releasing of carbohydrate, and the
concentration of soluble carbohydrate in EPS reached to 15.7 mg/L
after 12 h. The minimum soluble protein content was obtained with
combined TB and 0.1 g/g TSS APG after 9 h. The combined use of TB
and APG could promote the break-up of sludge flocs, which set free
more inner protein and carbohydrate (Kavitha et al., 2016). However,
with the combined pretreatment, the releasing of carbohydrate and
protein was inhibited when the dosage of APG was above 0.1 g/g TSS
(Fig. 1c). It was reported that the toxic effects created by surfactant may
stimulate the microorganisms to produce exopolymers to keep them
safe from harsh environmental conditions (Kavitha et al., 2014). Based
on these results, it implied that the combined pretreatment was effec-
tive in the releasing of SCOD, protein and carbohydrate in EPS when
the dosage of APG was below 0.1 g/g TSS.

Table 1
Excitation and emitting (Ex/Em) wavelengths of fluorescence region.

Region Substance Ex/Em wavelengths (nm)

I Tyrosine-like protein 200-250/200-330
II Tryptophan-like protein 200-250/330-380
III Fulvic acid-like organics 200-250/380-500
IV Soluble microbial by-product 250-280/200-380
V Humic acid-like organics 250-400/380-500

Fig. 1. Changing of SCOD (a), carbohydrate (b), and protein (c) in EPS during hydrolysis with different pretreated sludge. Error bars represent the standard errors.
(A1: 0.05 g/g TSS APG, A2: 0.1 g/g TSS APG, A3: 0.2 g/g TSS APG, A4: 0.3 g/g TSS APG, A5: 0.4 g/g TSS APG).
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3.2. The variation of substrates in DOM

Hydrolysis of sludge causes EPS solubilized in aqueous phase,
leading to the increase of the concentrations of SCOD, carbohydrate,
and protein in DOM (Guo et al., 2015). Fig. 2 describes the variation of
SCOD, soluble protein and soluble carbohydrate in DOM. For the raw
sludge, the concentrations of SCOD, soluble carbohydrate and soluble
protein in DOM were 537.5, 23.7 and 31.9mg/L, respectively. The
maximum concentration of SCOD (10600.0 mg/L) in DOM was
achieved with the combined use of TB and 0.1 g/g TSS APG, which
enhanced by 1.3 and 3.3 times than that obtained with TB and 0.1 g/g
TSS APG, respectively. It has been demonstrated that microwave
combined with APG (0.32 g/g TSS) has favorable effects on sludge so-
lubilization, and the concentration of SCOD enhanced by 13.4 times
than the raw sludge after 4 days (Xiao et al., 2017). In this study, the
concentration of SCOD in DOM enhanced by 18.7 times than the raw
sludge with the combined use of TB and 0.1 g/g TSS APG. For the
combined pretreatment, it can be seen that the increase of SCOD in
DOM was inhibited when the dosage of APG was above 0.2 g/g TSS
(Fig. 2a), which might be attributed to the inhibition of APG to TB
(Zaky et al., 2015).

The maximum concentration of soluble carbohydrate (630.0 mg/L)
in DOM was obtained with the combined pretreatment (TB+0.4 g/g
TSS APG). As shown in Fig. 2b, the concentration of soluble carbohy-
drate in DOM increased with the increased dosage of APG (p < 0.05).
A previous study demonstrated that the combined use of TB and ul-
trasonic treatment was effective in increasing the soluble carbohydrate
concentration in DOM, and the concentration of soluble carbohydrate
in DOM increased by 11.5 times than the raw sludge (Yang et al.,
2015b). In this study, the concentration of soluble carbohydrate in-
creased by 25.6 times than the raw sludge with the combined use of TB
and 0.4 g/g APG. The concentration of soluble carbohydrate reached to
170.1 mg/L with TB pretreatment after 12 h. Compared to TB pre-
treatment, APG is more effective in the increase of carbohydrate con-
centration in DOM, and the concentration of soluble carbohydrate

reached to 206.3 mg/L with 0.4 g/g TSS APG. These results indicated
that the combined pretreatment was effective in the increase of soluble
carbohydrate concentration in DOM.

The maximum concentration of soluble protein in DOM was
430.7 mg/L with the combined use of TB and 0.4 g/g TSS APG (Fig. 2c),
which was 2.0 and 2.5 times more enhanced than TB and 0.4 g/g TSS
APG, respectively. It was reported that TB combined with freezing/
thawing pretreatment was effective in sludge solubilization, and the
concentration of soluble protein in supernatant of waste sludge en-
hanced by 30.0 times than the raw sludge after 81 h (Yang et al.,
2015a). However, the freezing/thawing pretreatment spent more time
in freezing and thawing, and limited areas allowing freezing without
additional operational costs (Wang et al., 2010). In the present study,
the concentration of soluble protein in DOM enhanced by 12.5 times
than the raw sludge with the combined use of TB and APG after 6 h. It
was reported that the carbohydrate and protein in EPS can be disin-
tegrated by surfactant and dissolved into liquid phase, which leads to
the increased concentration of carbohydrate and protein in DOM
(Kavitha et al., 2016). Moreover, surfactant could reduce the repelling
action between bacteria and sludge particulate, resulting in the en-
hancement of the contact between TB and sludge flocs (Luo et al.,
2011). Therefore, the synthetic effect of TB and APG promoted the
solubilization of sludge effectively, resulting in the improvement of
SCOD, soluble protein and carbohydrate in DOM. It was reported that
the SCOD, carbohydrate and protein in DOM were the sources for hy-
drogen and methane production during sludge digestion (Liu et al.,
2013). Consequently, the increased concentrations of SCOD, soluble
protein and carbohydrate in DOM could provide more carbon and en-
ergy source to the subsequent biochemical processes in sludge diges-
tion. Although this combined method was beneficial for the releasing of
biological polymers, the characteristics of biodegradable and non-bio-
degradable matters need to be further evaluated.

Fig. 2. Changing of SCOD (a), carbohydrate (b), and protein (c) in DOM during hydrolysis with different pretreated sludge. Error bars represent the standard errors.
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3.3. EEM and FRI analysis

Three-dimensional EEM fluorescent spectroscopy was used to dis-
tinguish certain classes of organic compounds with specific fluores-
cence features, such as protein, humic and fulvic acids (Tian et al.,
2012). Therefore, three-dimensional EEM is useful in capturing specific
fluorescence characteristics of biopolymers in EPS and DOM (Li et al.,
2016a). In this study, the distribution and changes of the biodegradable
and non-biodegradable components in EPS and DOM were displayed
according to the three-dimensional EEM fluorescence spectroscopy
coupled with FRI analysis.

The Pi,n of EPS with different pretreatments are shown in Fig. 3. For
the raw sludge, the highest contribution proportion (41.7%) of Pi,n was
observed in Region IV (soluble microbial by-product), followed by
Region II (tryptophan-like) of 25.5%, Region V (humic acid-like or-
ganics) of 17.0%, the Region III (fulvic acid-like substances) of 10.5%
and the Region I (tyrosine-like) of 5.3% (Fig. 3a). The results indicated
that tryptophan-like protein and soluble microbial by-product were two
major substances in EPS. A small quantity of fulvic-acid-like substance
was observed in EPS, which were mainly originated from the microbial
degradation of dead organic matter (Lu et al., 2012). As shown in
Fig. 3a, the combined pretreatment was effective in releasing protein-
like substance in EPS. The fluorescence intensity of Region I in EPS
decreased to 1753.7 (au) with the combined use of TB and 0.1 g/g TSS
APG. For TB and APG pretreatment, the fluorescence intensity of

Region I in EPS decreased to 1947.2 (au) and 1963.9 (au) with TB and
0.1 g/g TSS APG, respectively. The minimum fluorescence intensity of
Region II (1848.4 (au)) was obtained with the combined pretreatment
(TB+0.4 g/g TSS APG), which decreased by 33.6% and 29.7% than TB
and 0.4 g/g TSS APG (p < 0.05), respectively. For the releasing of
soluble microbial by-product (Region IV), the combined pretreatment
was more effective than TB and APG pretreatment. The fluorescence
intensity of Region IV decreased to 3253.3 (au) with the combined use
of TB and 0.4 g/g TSS APG, and it decreased to 4155.7 (au) and 6424.8
(au) after treated by TB and 0.05 g/g TSS APG, respectively. This in-
dicated that the protein-like substance and the soluble microbial by-
product were released efficiently with the combined pretreatment. The
minimum fluorescence intensity of Region V (4232.3 (au)) in EPS was
obtained with TB pretreatment. Compared with APG pretreatment, the
combined pretreatment was more effective in the releasing of humic
acid-like organics in EPS. With the combined use of TB and 0.1 g/g TSS
APG, the fluorescence intensity of Region V in EPS decreased to 4627.1
(au) after 6 h. Based on these results, it implied that the combined
pretreatment was an effective method in releasing the organic matters
in EPS.

The Pi,n and EEM fluorescence spectra of DOM with different pre-
treatments are shown in Figs. S1–3 and Fig. 4. Compared with TB and
the combined pretreatment, APG pretreatment was more effective in
the increase of protein-like substance (Region I and Region II) and

Fig. 3. Distribution of FRI in EPS during hydrolysis with different pretreated
sludge.

Fig. 4. Distribution of FRI in DOM during hydrolysis with different pretreated
sludge.
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soluble microbial by-product (Region IV) in DOM. The Pi,n of Region I
and Region II in DOM increased from 5.7%, 31.6%–10.4%, 38.4% with
0.1 g/g TSS APG, and the corresponding fluorescence intensity of Re-
gion I and Region II increased from 593.0 (au), 1259.5 (au) to 2539.3
(au), 4451.9 (au), respectively. The maximum Pi,n and the fluorescence
intensity of Region IV in DOM reached to 42.9% and 10310.2 (au) in
the presence of 0.3 g/g TSS APG. With the combined use of TB and
0.2 g/g TSS APG, the Pi,n and fluorescence intensity of Region IV in
DOM increased to 23.6% and 2049.1 (au). These results indicated that
the soluble microbial by-product, tryptophan and tyrosine-like sub-
stances were released efficiently with APG. The minimum fluorescence
intensity of Region III (260.8 (au)) was obtained after treated by TB in
combination with 0.1 g/g TSS APG, which decreased by 9.1% and
88.6% than that obtained with TB and 0.1 g/g TSS APG, respectively.
The fluorescence intensity of Region V reached to 7521 (au) with TB
combined with 0.4 g/g TSS APG, which decreased by 32.8% and 29.6%
than TB and 0.4 g/g TSS APG, respectively. The results indicated that
the combined pretreatment is an effective method to decrease the
content of humic acid-like and fulvic acid-like organics in DOM. It was
reported that humic acid-like and fulvic acid-like organics were hard-
to-degrade compounds and had adverse effects of the utilization of
waste sludge (Fernandes et al., 2015). The simple aromatic proteins
(tyrosine-like and tryptophan-like) and soluble microbial materials
could be easily degraded for biogas production during the anaerobic
digestion of sludge (Liu et al., 2013). Therefore, the decrease of non-
biodegradable materials and the increase of biodegradable materials in
DOM was promoted by the combined pretreatment, which was ad-
vantageous for the subsequent biochemical processes of sludge diges-
tion.

3.4. Effect of different pretreatments on hydrolase activities

The activities of protease and α-glucosidase in APG, TB and the
combined pretreated sludge are shown in Fig. 5. The relative activity of
each enzyme in the blank test was set as 1. Protease is considered to
play crucial roles in breaking the peptide bonds of protein, and α-glu-
cosidase is responsible for the breakup of α-1,4-glucosidic linkage in
maltose (Lin and Li, 2018). It can be seen from Fig. 5a that the activity
of protease was improved by the combined pretreatment. The max-
imum activity of protease (1.8) was obtained with the combined use of
TB and 0.4 g/g TSS APG, which enhanced by 13.3% and 38.1% than
that obtained with TB and 0.4 g/g TSS APG, respectively. Compared to
APG, TB was effective in enhancing the activity of protease, and the
activity of protease increased to 1.6 after 12 h. As shown in Fig. 5b, a
higher activity of α-glucosidase was observed in the combined pre-
treatment, and the activity of α-glucosidase was positively correlated to
the dosage of APG (p < 0.05). With the combined use of TB and APG,
the activity of α-glucosidase increased from 1.4 at 0.05 g/g TSS APG to
1.9 at 0.4 g/g TSS APG, which enhanced by 59.1% and 5.1% than that

obtained with TB and 0.4 g/g TSS APG, respectively. For APG pre-
treatment, the activity of α-glucosidase increased from 1.1 at 0.05 g/g
TSS APG to 1.8 at 0.4 g/g TSS APG, which enhanced by 50.0% than that
obtained with TB pretreatment. These results are in agreement with the
EPS release, in that the combined pretreatment was the most effective
method to release EPS, followed by TB and APG pretreatment. The
hydrolysis of complex organic molecules in waste sludge depends
heavily on hydrolytic enzymes (Lin and Li, 2018). With the combined
pretreatment, more hydrolytic enzymes in the EPS were released into
the supernatant due to the solubilization of EPS (Neumann et al., 2017).
For TB pretreatment, the protease secreted by TB was beneficial for the
enhancement of the activity of protease (Guo et al., 2018). In addition,
the disruption of sludge flocs could be stimulated by APG, releasing the
enzymes (protease and α-glucosidase) which are entrapped or adsorbed
by the sludge or immobilized onto it (Zhou et al., 2013). Based on these
results, it is implied that the combined use of TB and APG was effective
in the increase of the activities of protease and α-glucosidase, which
was advantageous for the sludge hydrolysis.

3.5. Effect of different pretreatments on sludge reduction

The variation of SS, VSS and VSS/SS is presented in Fig. 6. For the
raw sludge, the concentrations of SS and VSS were 9.7 and 6.0 g/L,
respectively. The minimum concentration of SS (6.6 g/L) was achieved
with TB pretreatment, and the corresponding reduction rate was 33.7%
(Fig. 6a). With APG pretreatment, insignificant reduction of SS was
detected with the increased dosage of APG (p > 0.05). Compared to
APG, the combined pretreatment was effective in SS reduction, and the
reduction rate reached to 16.3% with the combined TB and 0.4 g/g TSS
APG.

For VSS reduction, the reduction ratio of VSS reached to 38.8% with
the combined TB and 0.4 g/g TSS APG. The concentration of VSS de-
creased by 38.5% and 11.7% with TB and 0.4 g/g TSS APG, respec-
tively. The VSS/SS ratio was a significant index to assess the degree of
sludge stabilization, and the lower VSS/SS indicated the high content of
inorganic sludge, lack of activities and effective stabilization (Li et al.,
2016b). The minimum VSS/SS ratio (43.2%) occurred with TB com-
bined with 0.4 g/g TSS APG. For TB and APG pretreatment, the VSS/SS
ratio reached to 55.6% and 54.9% with TB and 0.4 g/g TSS APG, re-
spectively. It implied that the combined use of TB and APG was effec-
tive in sludge reduction and sludge stabilization.

3.6. Practical application of TB combined with APG to enhance sludge
hydrolysis

The combined use of TB and APG is a promising method to accel-
erate the hydrolysis of waste sludge, because this method not only
enhances the biodegradability of waste sludge but also reduces the cost
of sludge disposal. Among the various pretreatment methods, biological

Fig. 5. Changing of the relative activities of protease (a) and α-glucosidase (b) during hydrolysis with different pretreated sludge. Error bars represent the standard
errors.
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stabilization (enzymatic or microbial pretreatment) is considered to be
most attractive method for reducing the major portion of the organic
fraction in waste sludge (Kavitha et al., 2013). However, enzymatic
treatment of waste sludge demands high cost (Yang et al., 2015a).
Therefore, culturing hydrolytic enzyme secreting TB can be an efficient
way to circumvent this problem. In addition, the optimum hydrolysis
time with the combined pretreatment was shortened in the presence of
APG, which means that the volume of the fermentation reactor can be
reduced and the residence time of the solid can be shortened (Xiao
et al., 2017). More importantly, there is the potential for in situ APG
production during sludge hydrolysis, a distinct advantage over syn-
thetic surfactants. Production economy was the major bottleneck in
biosurfactant production. It was implied that APG biosurfactant could
be produced from a variety of cheap raw materials, including plant-
derived oils, oil wastes, starchy substances and distillery wastes, which
have been reported to support APG production (Zhou et al., 2013).
Therefore, lower production cost, the reduced volume of the fermen-
tation reactor and in situ synthesis of biosurfactant should promote the
implementation of this combined pretreatment for waste sludge pre-
treatment.

4. Conclusion

Combined TB and APG pretreatment was effective in improving the
hydrolysis and biodegradability of waste sludge. The main conclusions
are as follows:

1. The combination of TB and APG promoted the releasing of EPS,
resulting in the enhancement of SCOD, soluble carbohydrates and
soluble protein in DOM.

2. EEM fluorescence spectroscopy revealed that the combined pre-
treatment was beneficial for the decrease of non-biodegradable
materials and the increase of biodegradable materials in DOM, in-
dicating the improvement of the biodegradation of sludge.

3. The hydrolytic enzyme activity was positively correlated to the
dosage of APG, and the maximal activities of protease (1.8) and α-
glucosidase (1.9) was obtained with the combined use of TB and
0.4 g/g TSS APG.

4. The combined pretreatment was advantageous for the sludge re-
duction and sludge stabilization.

5. The present technology is cost effective and environmental friendly
and can be applicable for field study. Further studies of the com-
bined use of TB and APG are needed to determine its applicability to
the hydrogen and methane production of waste sludge in lab-scale
digesters.
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