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a b s t r a c t

Aerobic granular sludge (AGS) technology is an alternative to conventional activated sludge to reduce the
process footprint and energy consumption. Strategies for the efficient management of its produced
biomass, that is grown in a granular morphology as well, need further development. Anaerobic digestion
(AD) is commonly applied in waste activated sludge (WAS) treatment and is a potential option also for
produced AGS treatment. In earlier studies, the biochemical methane potential of AGS was found lower
than that of WAS both grown in full-scale municipal wastewater treatment systems. In order to un-
derstand this difference, this study aimed to investigate the anaerobic conversion of structural extra-
cellular polymeric substances (SEPS), which is a type of gel-forming biopolymer, being responsible for
the aggregation of sludge. Using WAS and AGS as substrates, a comparative AD batch experiment was
performed for 44 days during which the SEPS fraction was extracted from both types of sludge. The
changes in the SEPS chemical composition was analysed by Fourier transformed infrared spectroscopy
and three-dimensional excitation and emission matrix analysis. In addition, the mechanical strength of
hydrogels of extracted polymers cross-linked with Ca2þ ions was investigated by dynamic mechanical
analysis. Results showed that the amount of SEPS was reduced by 26% in AGS (SEPSAGS) and by 41% in
WAS (SEPSWAS), respectively. Polysaccharides and, to a lesser extent, the proteins in the SEPSAGS were
more refractory compared to those in SEPSWAS. This resulted in a lower loss of the gel stiffness of SEPSAGS
than that of SEPSWAS during the AD process. Moreover, the release of SEPS from tightly bound EPS to
loosely bound EPS were observed in both types of sludge, but that in AGS exhibited a lower transition
rate. The observed properties explain the distinct differences in anaerobic biodegradability, the slower
decomposition of the sludge structure, as well as the better dewaterability of AGS as compared to WAS
after the AD process.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Conventional activated sludge (CAS) processes treating munic-
ipal wastewater create large quantities of waste activated sludge
(WAS), resulting in high costs for sludge processing, i.e. stabilisa-
tion, incineration and discharge (Appels et al., 2008). The Nereda®
technology (Nereda® is the registered trade name of the aerobic
granular sludge (AGS) technology owned by Royal HaskoningDHV)
A, Delft, the Netherlands.

r Ltd. This is an open access article
is gaining increasing popularity, due to its lower energy demand
and more compact reactor design compared to CAS processes;
currently over 70 full-scale Nereda® plants are in operation or
under construction worldwide (www.royalhaskoningdhv.com/
nereda). Similar to the CAS process, also the AGS process results
in the production of waste aerobic granular sludge (WAGS), which
asks for proper processing and discharge.

Anaerobic digestion (AD) for WAS stabilisation is commonly
applied and is proven to be a cost-effective solution, allowing en-
ergy and nutrient recovery (Appels et al., 2008; Luo et al., 2020). To
date, the behaviour of WAGS during AD is largely unknown and
only few studies have been reported in literature (del Rio et al.,
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2011; del Rio et al., 2014). More insight into the degradation of
aerobic granules is needed to be able to design effective WAGS
sludge processing reactors (Bernat et al., 2017; Palmeiro-Sanchez
et al., 2013). In full-scale Nereda® systems, the WAGS can be two
types: the AGS that can be periodically withdrawn from the reactor
(mainly granules, 70% particle size > 0.5 mm), and the aerobic
granular sludge selection spill (particle size � 0.5 mm), a more
flocculent biomass that is wasted every process cycle presenting
lower settling velocity than big granules (Pronk et al., 2015). Very
recent research has shown that the selection spill was easily
biodegradable in AD (Guo et al., 2020) while the AGS showed a
biochemical methane potential (BMP) that was significantly lower
than WAS (Bernat et al., 2017; del Rio et al., 2011; del Rio et al.,
2014). It was demonstrated that the high digestibility of the se-
lection spill was due to the low settle-ability of highly biodegrad-
able cellulose-like fibres. However, the reason for the lower
digestibility of AGS compared to WAS remained unclear. Guo et al.
(2020) observed that proteins and carbohydrates in AGS weremore
difficult to degrade than those in WAS, even though the amount of
these two fractions was higher in AGS. Since AGS and WAS are
mainly composed of cells, (exo-) enzymes and microbial metabolic
products, very likely, this difference is related to the microbial
organic polymeric matrix. Extracellular polymeric substances (EPS)
account for the majority of microbial related carbohydrates and
protein fractions in both AGS andWAS (Frolund et al., 1996; Liu and
Fang, 2002; Salama et al., 2016). Therefore, analysing the biode-
gradability of the EPS present in AGS and WAS during AD will help
to understand the differences in digestibility between the two
sludge types.

Based on the ability to form hydrogels, EPS can be divided into
gel-forming and non-gel-forming EPS (Felz et al., 2016; Seviour
et al., 2009). The amount of gel-forming EPS or structural EPS
(SEPS) can be considerable, i.e. 100-300 mg/g VS sludge, and unlike
non-gel-forming EPS, SEPS contributes to the formation of a tertiary
network structure within the sludge (Felz et al., 2016; Lin et al.,
2010). It is hypothesized that the different concentration, organic
composition and ionic gel-forming properties of SEPS extracted
from AGS and activated sludge determine the sludge morphology
differences of the two (Lin et al., 2013; Sam and Dulekgurgen,
2016). Anaerobic sludge digestion starts with breaking down the
sludge structure, resulting in the deterioration of sludge properties
(Ye et al., 2014). This enlarges the surface area of the sludge making
it more accessible for the hydrolytic enzymes and thus for con-
version during AD. Considering the amount of SEPS in sludge and
their importance to the sludge structure, the fate of these bio-
polymers in AD is very likely of crucial importance for the observed
differences in digestion performance of AGS and WAS.

As a consequence, in this study, batch mesophilic anaerobic
digestion tests were conducted for AGS and WAS under the same
experimental conditions. SEPS from AGS (SEPSAGS) and WAS
(SEPSWAS) were extracted during the experiment, and their con-
version characteristics regarding overall biodegradability, chemical
& gel-forming properties and spatial distributionwere investigated
and compared. Results led to a schematic representation of the
SEPS degradation mechanism.

2. Materials and methods

2.1. Inoculum and substrates

The inoculum for batch tests was taken from the sludge digester
of the municipal wastewater treatment plant (WWTP) Harnasch-
polder (Den Hoorn, The Netherlands). The WAS was collected from
the low loaded, enhanced biological phosphate removal (EBPR)
activated sludge tank at the sameWWTP. AGS was collected from a
full-scale Nereda® reactor treating municipal wastewater (Gar-
merwolde, The Netherlands). The influent characteristics and
operational parameters of these two plants were reported else-
where (Guo et al., 2020). The volatile solids (VS) concentrations of
both types of sludge were manipulated by centrifugation (5 min at
3500 � g) to reach to same sludge concentrations.

2.2. Experimental setup

The anaerobic digestion batch experiments were carried out at
35 ± 1 �C in 2-L flasks for 44 days in an incubator shaker at 120 rpm
(Innova 44, Eppendorf AG, Germany). The total volume of the
mixture of inoculum and substrate was 1.8 L with an inoculum/
substrate ratio of 2 calculated by the dry weight of sludge VS (g)
that was dosed into the batch reactor. Phosphorus buffer solution,
macronutrients and trace elements were dosed according to the
recipes of Zhang et al. (2014). For each type of sludge, three flasks
were connected to an Automatic Methane Potential Test System
(AMPTS II, Bioprocess Control, Sweden) for real-time online
monitoring of the accumulated methane production, while three
other flasks were used for periodic collection of an 80 mL sample
for further analysis. Prior to the start of the experiment, N2 was
purged into each reactor for 5 min to remove oxygen from the
sludge and headspace.

2.3. Analytical methods

2.3.1. EPS extraction
The EPS was extracted from the sludgewith amild temperature-

Na2CO3 extraction method developed by Felz et al. (2016). In brief:
a sludge sample of 3 g (wet weight) was added into a 0.5% (w/v)
Na2CO3 solution up to 50 mL and subsequently stirred at 400 rpm
and 80 �C for 35 min, followed by centrifugation at 4000 � g and
4 �C for 20min. The organics in the supernatant comprised the total
extractable EPS.

In addition, centrifugation and a mild-harsh heat method (Li
and Yang, 2007) was applied to extract the stratified EPS: slime,
loosely bound-EPS (LB-EPS) and tightly bound-EPS (TB-EPS); a
sludge sample of 15 g (wet sludge) was centrifuged at 15,000 � g
for 15 min at 4 �C. The produced supernatant was recovered as
slime. The solid fraction after decanting the supernatant was re-
suspended into a pre-heated 0.05% (w/v) NaCl solution restoring
the original weight and reaching a final temperature of 50 �C. After
centrifugation at 15,000� g for 10min at 4 �C, the organic matter in
the supernatant was recovered as LB-EPS. The pellet was re-
suspended in a 0.05% (w/v) NaCl solution, restoring the original
weight. The mixturewas heated to 60 �C in awater bath for 30 min,
while steering it at 400 rpm. Hereafter it was centrifuged at
15,000 � g for 15 min at 4 �C. The collected supernatant was
regarded as TB-EPS.

2.3.2. SEPS extraction
The SEPS was isolated according to Felz et al. (2016): the

aforementioned extracted EPS were dialyzed with a dialysis
membrane (3.5K MWCO, SnakeSkin, Thermo Fisher Scientific, USA)
for 24 h against 1000 mL MiliQ water. The pH of the dialyzed ex-
tracts was slowly adjusted to 2.2 ± 0.05 with 1 and 0.1 M hydro-
chloric acid. After these extracts were centrifuged at 4000 � g and
4 �C for 20 min, the supernatant was discarded and the gel-like
pellet was considered to be the SEPS. A certain amount of SEPS
pellet obtained from the total extractable EPS (total extractable
SEPS) and from the stratified EPS (stratified SEPS) was used for the
VS analysis to measure the content of the SEPS fraction in the
sludge (wt %, g/100 g sludge), and the rest was freeze-dried and
stored for further analysis.
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2.3.3. Physicochemical analyses
VS, total suspended solid (TSS) and volatile suspended solid

(VSS) were analysed according to standard protocols (APHA, 2005).
To measure the polysaccharides and proteins content of total
extractable SEPS, the freeze-dried SEPS from a sludge sample of 3 g
(wet weight) was solubilized in 1 M NaOH to 50 mL reaching final
pH of 7.5. The polysaccharide concentration was determined by
phenol-sulfuric acid assay using glucose (Sigma, USA) as standard
(Dubois et al., 1956) while the protein concentration was measured
using a modified Lowry method with bovine serum albumin
(Sigma, USA) as standard (Frolund et al., 1995). Although methods
for quantification of polysaccharides and proteins in SEPS were not
fully developed, the aforementioned methods are rapid and widely
accepted and function as a relatively good estimator (Felz et al.,
2019b). The polysaccharide and protein content in SEPS were
then calculated based on the following equation:

Content ðwt %; g =100 g sludgeÞ

¼ cphotometric method � V solution

wsludge
� 100%

(1)

where Cphotometric method ¼ concentration of polysaccharides or
proteins determined by photometric methods (mg/L);
Vsolution ¼ volume of the solution (50 mL in this study);
Wsludge ¼ amount of the sludge sample (3 g in the current study).

Changes in dewaterability during AD of AGS and WAS (sludge-
inoculum mixture) were detected by a capillary suction time (CST)
apparatus (304M, Triton Electronics, England) with CST papers
manufactured by the same company. A normalized CST (NCST)
method was used to eliminate the influence of solid particles (Lu
et al., 2015). Volatile fatty acids (VFAs) were measured by gas
chromatography (GC), equipped with a flame ionization detector
(FID) (Agilent 7890A, USA). Helium was used as carrier gas with a
flow rate of 1.8 mL/min; the column (Agilent 19091F-112) was
25 m � 320 mm � 0.5 mm; injection port and oven temperatures
were 240 �C and 80 �C, respectively. The particle size distribution
(PSD) of AGS before and after AD process was analysed by a sieving
method (Pronk et al., 2015), while that of WAS at Day 0 and 44 was
measured by a particle size analyser (Bluewave, Microtrac,
Germany).

2.3.4. FT-IR spectroscopy
The original and secondary derivative FT-IR spectra of total

extractable SEPS (the freeze-dried solid) in potassium bromide
(KBr) pellets were recorded in the 4000-500 cm�1 region by a FT-IR
spectrometer (Cary 630, Agilent, USA).

2.3.5. 3D-EEM spectroscopy
The prepared solution for polysaccharide and protein mea-

surements (Section 2.3.3) was also used to determine the 3D-EEM
spectra of total extractable SEPS. These spectra were measured by a
fluorescence spectrometer (Aqualog-UV-NIR-800-C, HORIBA, USA).
Wavelength ranges for excitation and emission spectra were
280e550 nm and 240e400 nm, respectively. Both excitation and
emission bandwidths were adjusted to 2 nm and the EEM signals
were corrected by subtracting a blank (demineralized water). EEM
fluorescence spectra were divided into four regions based on the
differences of excitation-emission wavelengths of organic matters:
aromatic protein-like, fulvic acid-like, soluble microbial by-
product-like and humic acid-like regions (Table S1 in Supplemen-
tary material) (Sun et al., 2016). The fluorescence regional inte-
gration (FRI) technique was utilized to calculate the fluorescent
intensities of each region in all EEM spectra (Chen et al., 2003).
2.3.6. Gel formation property
To test total extractable SEPS’s gel-forming property, 10% (w/v)

freeze-dried SEPS-miliQ solution was extruded into a cylinder
mould (1 cm3) and sealed on both sides with a dialysis membrane
(MWCO of 3.5 kDa, Snakeskin, USA). The mould was then sub-
mersed into 3% (w/v) CaCl2 solution for 24 h to produce a Ca2þ-SEPS
hydrogel. The mechanical stiffness of the hydrogel was measured
by dynamic mechanical analysis device (DMA7e, Perkin Elmer,
USA) under the pressing force rate of 25 mN/min. The Young’s
modulus represented the mechanical strength of the hydrogel and
was calculated by the slope of tensile stress and extensional strain
obtaining from the test (Felz et al., 2019a).

2.3.7. Statistical analysis
Linear regression analysis for SEPS degradation was performed

using R (R Core Team, Austria). Significant differences in biode-
gradability of SEPS, FT-IR spectrum and dewaterability between
AGS and WAS were based on Student’s t-test by means of SPSS
Statistics 25 (IBM, USA). The significance level of probability (p-
value) was 0.05.

3. Results and discussion

3.1. Batch anaerobic digestion of AGS and WAS

The difference in biodegradability of the sampled WAS and AGS
was assessed. The characteristics of the substrate and inoculum are
summarized in Table 1. The inoculum sludgewas characterised by a
specific methanogenic activity of 0.19 g CH4-COD/g VS/day with
acetate as the substrate.

To assess the degradation of the two sludge types, the accu-
mulated methane production, VS and total VFAs were monitored
during the anaerobic digestion. The results are presented in Table 2.
The average accumulative methane production of AGS and WAS
were both in line with prior researches (Guo et al., 2020; del Rio
et al., 2014; Palmeiro-Sanchez et al., 2013). Besides, the average
VS reduction of AGS and WAS was both in the typical range of
25e45% for sludge digestion (Bolzonella et al., 2005; Mottet et al.,
2010). Specifically, the degraded VS was 0.69 ± 0.01 wt % for AGS,
and was 0.77 ± 0.02 wt % for WAS, which showed that WAS had a
higher degradation extent in VS, approximately 0.08 ± 0.01 wt %,
than AGS. VFAs were detected during day 0e6 of the digestion,
peaking at day 3 (values shown in Table 2).

The differences in accumulated methane production and the
corresponded VS reduction of the two sludge types confirmed their
dissimilarity in biodegradability (Table 2). To minimise the impact
of surface area limitation of AGS compared to WAS, the biode-
gradability of crushed AGS and WAS were compared, revealing
comparable differences in biodegradability extent (Guo et al.,
2020).

It should be mentioned that the inoculum selected in this study
was taken from a full-scale anaerobic digester that treats both
primary sludge andWAS. However, del Rio et al. (2014) have proved
that, after long-term acclimationwith AGS as the sole substrate, the
main microbial populations present were still those commonly
found in digesters treating wastemunicipal sewage sludge. Thus, to
our understanding, also this type of inoculum should be highly
active and effective for AGS digestion within a period of 44 days.

3.2. Degradation kinetics of SEPS

Changes in the total extractable SEPS from AGS (SEPSAGS) and
WAS (SEPSWAS) undergoing anaerobic digestion are shown in Fig. 1.
The initial average SEPS contents in AGS and WAS (sludge-inoc-
ulum mixture) were 0.53 ± 0.01 and 0.49 ± 0.01 wt % respectively



Table 1
Characteristics of the substrate and inoculum.

Parameters Substrate Inoculum

AGS WAS Digestate

pH 7.0 ± 0.2 7.1 ± 0.3 8.1 ± 0.4
Median particle size (mm) 1794 ± 121 114 ± 9 50 ± 5
TS concentration (wt %, g/100 g sludge) 5.41 ± 0.10 5.16 ± 0.08 3.30 ± 0.09
VS concentration (wt %, g/100 g sludge) 4.25 ± 0.07 4.14 ± 0.05 2.32 ± 0.03
VS/TS (%) 78.4 ± 0.7 80.0 ± 0.2 70.5 ± 0.2

Table 2
Comparison of the performance of the batch anaerobic digestion of AGS and WAS.

Sludge type (sludge-
inoculum mixture)

Accumulated methane production (N-
mL/g VSsubstrate)

VS concentration Maximum total VFA
concentration (mg/L)

Before AD (wt %, g/100 g
sludge)

After AD (wt %, g/100 g
sludge)

Removal
efficiency (%)

AGS 197 ± 11 2.71 ± 0.02 2.02 ± 0.01 25.4 ± 1.3 329 ± 21
WAS 242 ± 18 2.74 ± 0.01 1.97 ± 0.03 28.1 ± 1.1 388 ± 15
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or 196 ± 6 and 179 ± 5 mg/g VSsludge mixture, respectively. These
results are in accordance with previous studies where aerobic
granules represented a higher SEPS concentration than activated
sludge (Lin et al., 2013; Sam and Dulekgurgen, 2016). However, the
total removal efficiency of SEPSAGS (26%, from 0.53 ± 0.01 to
0.39 ± 0.01 wt %) was significantly lower (p-value ¼ 0.038) than
that from SEPSWAS (41%, from 0.49 ± 0.02 to 0.29 ± 0.01 wt %). It
could be calculated that the difference in degraded SEPS between
AGS and WAS (sludge-inoculum mixture), was 0.06 ± 0.01 wt %.
Comparing this value with the removed VS content (0.08 ± 0.01 wt
%), the result clearly reveals that the SEPS is the major organic
matter that differentiates the biodegradability of AGS and WAS.
SEPSAGS degradation startedwith a low rate from day 0e3, followed
by a rapid degradation phase from day 3e21, and a slow degrada-
tion after day 21. SEPSWAS degradation occurred with a higher rate
from the start of the experiment, also followed by a slow degra-
dation phase after 21 days. The degradation rate during the rapid
degradation phase of SEPSWAS and SEPSAGS were similar (respec-
tively 0.006 and 0.005 g SEPS/100g sludge/d). Additionally, during
the slower degradation phase, the SEPS degradation rates of WAS
and AGS differed again, respectively 0.002 and 0.0003 g SEPS/100g
sludge/d.
Fig. 1. Degradation kinetics of SEPS during
3.3. Variation of chemical composition and gel-forming stiffness of
SEPS

In order to explain the differences in degradation rate and
extent of the SEPS in WAS and AGS, the chemical and gel-forming
properties of the total extractable SEPS fractions were analysed
on day 1, 3 and 44 of the AD experiment.

3.3.1. Chemical composition
The composition and degradation of polysaccharides and pro-

teins, within the extracted SEPS, are presented in Fig. 2. These two
organic groups form the main constituents of SEPS (84% of SEPSAGS
and 82% of SEPSWAS). The removal efficiencies of the extracted
polysaccharides and proteins in SEPSWAS were 62% and 33%,
respectively, which were both higher than that of SEPSAGS (39% and
24%, respectively), during 44 days AD process. Specifically, poly-
saccharides and proteins in SEPSWAS presented remarkably faster
biodegradation than that in SEPSAGS in the first three days. The
results reveal that the extracted organic compounds in SEPSWAS can
be more easily biodegraded in anaerobic digestion as compared to
that in SEPSAGS and thus leads to a higher degradation extent of
SEPSWAS (Fig. 1).
anaerobic digestion of AGS and WAS.



Fig. 2. Polysaccharides and proteins degradation of SEPSAGS and SEPSWAS during
anaerobic digestion of AGS and WAS.
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3.3.2. FT-IR analysis
To further investigate the changes in chemical structure of the

SEPS during AD, FT-IR analysis was carried out (Fig. 3). The FT-IR
results at wavenumbers 3000e1000 cm�1 for all SEPS samples
displayed almost identical spectra with typical functional groups
belonging to polysaccharides and proteins (Fig. 3a and Table S2 in
Supplementary material) (Badireddy et al., 2010; Guo et al., 2016;
Zhang et al., 2015). The biodegradation of polysaccharides and
proteins of SEPS extracted from AGS and WAS, that was presented
in Figs. 1 and 2, was thus unnoticeable in the FT-IR spectra. The
presence of residual polysaccharide and protein fractions after AD,
Fig. 3. FT-IR spectra of SEPSAGS and SEPSWAS during anaerobic digestion of AGS andWAS: (a)
region.
as shown in Fig. 2, resulted in the same FT-IR spectrum as before,
since FT-IR only showed the presence of certain molecular struc-
tures and not its quantities.

The fingerprint (or anomeric) region at wavenumbers 950-
700 cm�1 could exhibit a more detailed signal to identify the in-
dividual organic compounds of SEPS compared to other regions in
FT-IR (Lin et al., 2010). Therefore, a second derivative spectrum of
the extracted SEPS of AGS and WAS of this region was made
(Fig. 3b). The second derivative spectrum enhances the signal, in
order to be able to notice small shifts in the composition of the
biomolecules during AD of both sludge types. In general, the change
in position and number of the measured peaks of SEPSAGS after the
first 3 days of anaerobic digestion was not statistically significant
(p-value ¼ 0.75), but a substantial difference (p-value ¼ 0.034) was
observed after 44 days of anaerobic digestion. However, for SEPS-
WAS, the positions and number of peaks already changed during the
first 3 days (p-value¼ 0.047). This result is consistent with the data
indicating that the overall degradation of polysaccharides and
proteins in SEPSWAS started before that in SEPSAGS (Fig. 2).

Particularly, peaks at 960, 770, 737 and 715 cm�1 could be
assigned to CeCeC, CeOeC, and OeCeO stretching vibrations of
glycoconjugates containing glucuronic acids (Tajmir-Riahi, 1984).
For both types of SEPS, the position of these peaks remained un-
changed during the anaerobic digestion. However, at the end of the
digestion period (day 44), the 737 cm�1 peak of SEPSAGS was just
lower, whereas the peak belonging to SEPSWAS disappeared
completely, possibly indicating that the glycoconjugates in AGS
were less biodegradable than that in WAS. Several researchers
found that uronic acids such as glucuronic acids are important
monomers predominating in the glycoconjugates of gel-forming
EPS (Seviour et al., 2010; Felz et al., 2019b). For example, they can
act as the building blocks in the formation of hyaluronic-like acid, a
full-wavelength FT-IR spectra, and (b) second-derivative FT-IR spectra at the fingerprint



Fig. 4. (a) 3D-EEM spectra and (b) fluorescence intensity of each fluorescence region of SEPSAGS and SEPSWAS during anaerobic digestion of AGS and WAS.
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type of extracellular substance that is capable of attracting cations
and forming hydrogels (Felz et al., 2020). The characteristics of
glucuronic acid-containing glycoconjugates in SEPS in both sludge
morphologies are not fully understood: more research is required
to understand the precise relation between the presence of glyco-
conjugates and anaerobic biodegradability of sludge.

Additionally, peaks at 860 and 842 cm�1 were observed in all
SEPS samples. They could be related to the glycoconjugates con-
taining galactose andmannose (Das et al., 2011; Sardari et al., 2017).
Recent studies reported the existence of galactose and mannose in
the EPS of AGS, whichmight contribute to the gel-forming property
of AGS (Seviour et al. (2010) and Felz et al. (2019b)). The substantial
presence of thesemonomeric units in the EPS from activated sludge
suggested their importance in the aggregation of sludge flocs
(Dignac et al., 1998). Interestingly, in this study, the glycoconjugate
peaks for the SEPSWAS shifted to low wave numbers after 3 days,
while that for the SEPSAGS samples remained unchanged even on
day 44, indicating that SEPSAGS was slower degraded than SEPSWAS,
which implies that the composition of glycoconjugates in SEPSAGS
and SEPSWAS is different.

3.3.3. 3D-EEM assays
3D-EEM spectroscopy was applied for characterizing the

extracted SEPS at the different days of anaerobic digestion from
AGS and WAS (Fig. 4). Compared to conventional photometric
methods, EEM provides more information about the presence and
concentration of fluorescent organics. These organic matters, such
as protein-like substances (i.e., aromatic and tryptophan-like sub-
stance), are shown to contribute to the formation of the sludge
structure via surface charge adjustment (Zhu et al., 2015). The 3D-



Fig. 5. (a) SEPS hydrogel formed with Ca2þ, and (b) changes of gel-forming property of SEPSAGS and SEPSWAS during anaerobic digestion of AGS and WAS.

Fig. 6. Particle size distribution of sludge before and after anaerobic digestion of AGS
and WAS.

Fig. 7. The content of SEPSAGS and SEPSWAS in slime, loosely and tightly bound EPS
before and after anaerobic digestion of both sludges.
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EEM plots of four different regions with their corresponding
possible substances are given in Table S1 in Supplementary mate-
rial. Region III (soluble microbial by-products) had the highest
fluorescence intensity, with its characteristic peak indicating the
tryptophan & protein-like substances, identified at the excitation/
emissionwavelengths (Ex/Em) of 275e285/325e340 nm. Region IV
(humic-like substances) revealed a signal with the characteristic
humic-like substances peak observed at the Ex/Em of 345e355/
425e440 nm. The results illustrate that irrespective of sludge type,
tryptophan & protein-like, as well as humic acid-like substances
were dominant among the organic matter with fluorescence
characteristics in SEPS. These results were very similar as fluores-
cence spectra that were determined by Wang et al. (2009) for
bound EPS extracted from activated sludge.

During digestion, the characteristic peaks belonging to the
protein-like substance regions (Region I and Region III) were
reduced, demonstrating degradation of protein-like substances.
However, the total calculated reduction ratio of the fluorescence
intensity of the protein-like substance regions at day 3 and day 44
compared to day 0 was 6.2 and 14.7% for SEPSAGS and 8.6 and 18.5%
for SEPSWAS, respectively. This is in accordance with the results
obtained by the photometric method (Fig. 3). Reasons for the lower
protein degradation efficiency in SEPSAGS can be two-fold. Firstly,
the compact structure of AGS results in a lower specific surface area
relative to activated sludge (Zheng et al., 2005). It is thus speculated
that this may hinder the hydrolysis of structural extracellular pro-
teins by protease. Secondly, as mentioned before, tryptophan &
protein-like substances dominated among the protein-like sub-
stances. Li et al. (2014) reported that the tryptophan-like group was
resistant to anaerobic digestion. In this study, the initial fluores-
cence intensity of the tryptophan-like substance region of SEPSAGS
was higher than that of SEPSWAS. The higher content of the
tryptophan-like substance in SEPSAGS results in the lower overall
degradation of proteins in SEPSAGS, which is supported by the lower
reduction in fluorescence intensity of Region III for SEPSAGS during
AD process. In contrast to protein-like substance regions, the
reduction in fluorescence intensity of Region IV (humic-like sub-
stances) over time was not observed, suggesting that these sub-
stances were refractory to anaerobic biodegradation, which is in
line with results reported by Ghasimi et al. (2016).



Fig. 8. Changes in normalized CST of sludge during anaerobic digestion of AGS and
WAS.
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3.3.4. Gel-forming strength
SEPS is known to be capable of forming gels with multivalent

cations in a broad range of temperature and pH. The viscous and
elastic characteristics displayed by this biopolymer gel when un-
dergoing deformation are regarded as a parameter to indicate the
mechanical property of SEPS (Lin et al., 2013). Ca2þ is one of the
most common cations in wastewater. Ca2þ-SEPS (ionic hydrogel)
could play an important role in building up the gel matrix structure
in both activated sludge and aerobic granules (Felz et al., 2016; Lin
et al., 2013). Therefore, to understand the influence of SEPS
degradation on the gel stiffness, hydrogels formed from SEPSAGS
and SEPSWAS cross-linked with Ca2þ were made (Fig. 5a) and sub-
jected to a gel stiffness test. In Fig. 5b the decreased Young’s
modulus is shown, indicating the loss of gel-forming property and
increased susceptibility for destruction of the mechanical structure
during the AD process. The Young’s modulus of SEPSAGS decreased
by 14.6%, from 4126 ± 455 to 3522 ± 338 Pa in average, while the
Young’s modulus of SEPSWAS showed a much higher reduction of
30.1% (2773 ± 78 to 1939 ± 133 Pa in average), which indicates that
the stiffness reduction during AD is much higher for SEPSWAS than
for SEPSAGS. It has been demonstrated that some functional groups
of polysaccharides and proteins, such as carboxyl, hydroxyl, and
amino acid groups, can be easily bridged with Ca2þ in the sludge
matrix, resulting in the gel-forming ability of EPS (Felz et al.,
Fig. 9. SEPS degradation mechanism in a
2019b). In the present study, although strong peaks of these func-
tional groups were found in all samples extracted during the AD
process of SEPS (Fig. 3), these key organic fractions in SEPSAGS
showed higher resistance to anaerobic degradation than that in
SEPSWAS, which eventually leads to the stronger gel-forming ca-
pacity in residual SEPSAGS. This finding implies that the granular
structure of AGS will likely sustain during digestion.

To prove this assumption, the shifts in particle size distribution
of both types of sludge after 44 days of ADwere determined and are
shown in Fig. 6. Both AGS and WAS experienced deterioration of
their particle sizes: the fraction particles larger than 100 mm
decreased by 30% in WAS while it decreased only 23% in AGS. The
fraction above 250 mm is defined as granules (de Kreuk et al., 2007).
Although this fraction in AGS reduced by 30%, going from 54% to
only 24% during AD, the fraction of big particles especially larger
than 2 mm remained present in AGS after 44 days AD. This obser-
vation is in line with the differences in gel-forming properties of
SEPSWAS and SEPSAGS as discussed above.
3.4. Structural changes of SEPS in EPS matrix

This study revealed that the structural morphology of AGS and
WAS changed during the AD process. Besides the deterioration of
sludge dewatering properties due to these structural changes (Lu
et al., 2015; Novak et al., 2003), the gel-forming EPS matrix within
the sludge also weakened, resulting in degradation and shifts be-
tween the different EPS binding strength. Therefore, the content of
SEPS in slime, loosely bound-EPS (LB-EPS) and tightly bound-EPS
(TB-EPS) before and after AD was determined for both types of
sludge. As shown in Fig. 7, initially, the slime fraction of the SEPSwas
very low. The SEPSTB-EPS/SEPSLB-EPS ratio was highest in the AGS,
while both sludge types were dominated by TB-EPS, which was in
line with previous studies claiming that TB-EPS plays an important
role in maintaining the matrix structure of both aerobic granular
sludge and activated sludge (Chen et al., 2010; Yuan et al., 2014).

Even though the content of SEPS in TB-EPS remained high, a
shift in SEPS from TB-EPS to LB-EPS was observed during AD: The
SEPSLB-EPS fraction increased by 23% and 25% for AGS and WAS
respectively, whereas the SEPSTB-EPS fraction decreased with 13%
and 20%, respectively (Fig. 7). This transition is likely due to the loss
of binding capacity between SEPS and cations as a result of enzy-
matic hydrolysis (Yu et al., 2010). In contrast, the slime fraction of
SEPS remained very low, indicating that the SEPS that shifted from
the LB-EPS to the slime fraction during AD might have been con-
verted to methane during this process.

The presence of LB-EPS and TB-EPS are reported to exhibit
different sludge dewaterability (Chen et al., 2010; Yuan et al.,
2014): deterioration of dewaterability during AD is associated
naerobic digestion of AGS and WAS.
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with a shift of polymers from TB-EPS to LB-EPS (Ye et al., 2014). In
the current study, a substantial difference in CST was observed
between AGS and WAS at different moments during AD (Fig. 8),
which could be explained by the larger SEPS shifts in WAS than in
AGS during AD. We used the normalized CST method as an
indicative analysis for the sludge dewaterability. Although this
method has been accepted by several researchers to characterise
dewaterability, it might not be the optimal method to study
dewaterability of AGS: the CST of AGS is usually very short
(16e19 s) (Basuvaraj et al., 2015; Lotito et al., 2014), because the
free water around the granules is loosely bound. However, the
water that is captured within the granules is not released during a
CST measurement and therefore CST might not represent the
overall dewaterability of AGS. In the current study, the AGS and
WAS were both mixed with digestate: the latter determined the
overall suction time, which was much higher than that of sole AGS
and WAS. The dewaterability of digestate is determined by the
particle size distribution and the polymer fraction in the matrix.
Therefore, in this research it is reasonable to compare the dew-
aterability of AGS and WAS (sludge-inoculum mixture) by CST as a
qualitative parameter.

3.5. SEPS degradation mechanism and implications

In the anaerobic degradation of both sludge types, considering
the observed changes in SEPS, the following mechanism is pro-
posed for SEPS degradation (Fig. 9): before the AD process, the SEPS
was mainly aggregated in TB-EPS and exhibited a strong gel-
forming capacity with cations such as Ca2þ. Nevertheless, AD
negatively influences the gel-forming strength of the Ca2þ-SEPS
hydrogel, due to the degradation of key polysaccharides and pro-
teins and related to this, due to the transition of SEPS from TB-EPS
to LB-EPS. The lower degradation of SEPSAGS compared to SEPSWAS,
resulted in a higher residual SEPS fraction in the AGS structure
along the entire AD process, leading to a lower overall biodegrad-
ability of AGS compared to WAS.

VS removal in both types of sludge during anaerobic digestion
was 25e30% and therefore relatively low. Considering that only
25e40% of SEPS can be biodegraded, a possible strategy for
enhancing the biodegradability of sludge, especially AGS, could be
the acceleration of the decomposition or degradation of the SEPS
structure. This could be done through destructive mechanical
methods, such as crushing or ultrasound treatment, in combination
with the addition of specific enzymes targeting the SEPS polymers.
It can be speculated that this pre-treatment would liberate biode-
gradable compounds of the SEPS matrix, leading to enhanced
methane production. Besides, the gel-forming SEPS are useful
biopolymers in industrial applications (Lin et al., 2015), and re-
covery of SEPS from AGS is studied at pilot scale (Kaumera®, Royal
HaskoningDHV, The Netherlands). The extraction process for SEPS
can be regarded as an effective pre-treatment method to entirely
destroy the sludge matrix and remove the non-easily biodegrad-
able SEPS polymers from the sludge simultaneously. The methane
production after SEPS extraction and the application potential of
“SEPS extraction þ AD” for AGS treatment requires further
investigation.

4. Conclusions

SEPS isolated from AGS and WAS followed similar degradation
steps: (1) degradation of polysaccharides and proteins, (2) reduc-
tion of hydrogel stiffness, (3) transition of SEPS from TB-EPS to LB-
EPS to slime and (4) further conversion of the slime fraction to
methane. SEPSAGS revealed a lower degradation rate and extent
than SEPSWAS, in combinationwith a lower reduction inmechanical
stiffness upon AD, owing to the lower degradation efficiency of key
organic fractions. The perseverance of SEPSAGS resulted in an
undisrupted residual structure of AGS after AD. In conclusion, it can
be claimed that SEPS is a major constituent that resulted in the
distinct digestibility between AGS and WAS in AD.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

5 Acknowledgements

This research was financially supported by Netherlands Orga-
nization for Scientific Research (NWO) Aspasia grant (No.
015.011.024). The authors would like to thank China Scholarship
Council for the doctoral scholarship granted to Hongxiao Guo. Also,
the authors want to acknowledge Ben Norder and Vincent le Sage
(Department of Chemical Engineering, Delft University of Tech-
nology) for the skilled assistance in FT-IR analysis, and further
appreciate Berend Lolkema (IHE institute for Water Education) as
well as Yabing Meng (Sun Yat-Sen University, China) for the pre-
liminary learning on 3D-EEM analysis. Finally, we would like to
thank Hugo Kleikamp (Department of Biotechnology, Delft Uni-
versity of Technology) for the support with the hydrogel mea-
surement by the DMA analyser.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.watres.2020.115924.

References

APHA, 2005. Standard Methods for the Examination of Water and Wastewater,
twenty-first ed. American Public Health Association, Washington, DC. USA.

Appels, L., Baeyens, J., Degreve, J., Dewil, R., 2008. Principles and potential of the
anaerobic digestion of waste-activated sludge. Prog. Energy Combust. Sci. 34
(6), 755e781.

Badireddy, A.R., Chellam, S., Gassman, P.L., Engelhard, M.H., Lea, A.S., Rosso, K.M.,
2010. Role of extracellular polymeric substances in bioflocculation of activated
sludge microorganisms under glucose-controlled conditions. Water Res. 44
(15), 4505e4516.

Basuvaraj, M., Fein, J., Liss, S.N., 2015. Protein and polysaccharide content of tightly
and loosely bound extracellular polymeric substances and the development of a
granular activated sludge floc. Water Res. 82, 104e117.

Bernat, K., Cydzik-Kwiatkowska, A., Wojnowska-Baryla, I., Karczewska, M., 2017.
Physicochemical properties and biogas productivity of aerobic granular sludge
and activated sludge. Biochem. Eng. J. 117, 43e51.

Bolzonella, D., Pavan, P., Battistoni, P., Cecchi, F., 2005. Mesophilic anaerobic
digestion of waste activated sludge: influence of the solid retention time in the
wastewater treatment process. Process Biochem. 40 (3e4), 1453e1460.

Chen, H.A., Zhou, S.G., Li, T.H., 2010. Impact of extracellular polymeric substances on
the settlement ability of aerobic granular sludge. Environ. Technol. 31 (14),
1601e1612.

Chen, W., Westerhoff, P., Leenheer, J.A., Booksh, K., 2003. Fluorescence excitation-
emission matrix regional integration to quantify spectra for dissolved organic
matter. Environ. Sci. Technol. 37 (24), 5701e5710.

Das, D., Ara, T., Dutta, S., Mukherjee, A., 2011. New water resistant biomaterial
biocide film based on guar gum. Bioresour. Technol. 102 (10), 5878e5883.

de Kreuk, M.K., Kishida, N., van Loosdrecht, M.C.M., 2007. Aerobic granular sludge -
state of the art. Water Sci. Technol. 55 (8e9), 75e81.

del Rio, A.V., Morales, N., Isanta, E., Mosquera-Corral, A., Campos, J.L., Steyer, J.P.,
Carrere, H., 2011. Thermal pre-treatment of aerobic granular sludge: impact on
anaerobic biodegradability. Water Res. 45 (18), 6011e6020.

del Rio, A.V., Palmeiro-Sanchez, T., Figueroa, M., Mosquera-Corral, A., Campos, J.L.,
Mendez, R., 2014. Anaerobic digestion of aerobic granular biomass: effects of
thermal pre-treatment and addition of primary sludge. J. Chem. Technol. Bio-
technol. 89 (5), 690e697.

Dignac, M.F., Urbain, V., Rybacki, D., Bruchet, A., Snidaro, D., Scribe, P., 1998.
Chemical description of extracellular polymers: implication on activated sludge
floc structure. Water Sci. Technol. 38 (8e9), 45e53.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.T., Smith, F., 1956. Colorimetric

https://doi.org/10.1016/j.watres.2020.115924
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref1
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref1
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref2
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref2
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref2
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref2
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref3
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref3
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref3
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref3
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref3
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref4
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref4
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref4
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref4
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref5
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref5
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref5
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref5
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref6
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref6
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref6
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref6
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref6
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref7
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref7
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref7
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref7
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref8
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref8
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref8
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref8
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref9
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref9
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref9
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref10
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref10
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref10
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref10
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref11
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref11
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref11
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref11
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref12
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref12
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref12
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref12
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref12
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref13
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref13
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref13
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref13
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref13
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref14


H. Guo et al. / Water Research 181 (2020) 11592410
method for determination of sugars and related substances. Anal. Chem. 28 (3),
350e356.

Felz, S., Al-Zuhairy, S., Aarstad, O.A., van Loosdrecht, M.C., Lin, Y.M., 2016. Extraction
of structural extracellular polymeric substances from aerobic granular sludge.
JoVE 115, e54534.

Felz, S., Kleikamp, H., Zlopasa, J., van Loosdrecht, M.C., Lin, Y.M., 2019a. Impact of
Metal Ions on Structural EPS Hydrogels from Aerobic Granular Sludge. Biofilm.
https://doi.org/10.1016/j.bioflm.2019.100011 (in press).

Felz, S., Vermeulen, P., van Loosdrecht, M.C., Lin, Y.M., 2019b. Chemical character-
ization methods for the analysis of structural extracellular polymeric sub-
stances (EPS). Water Res. 157, 201e208.

Felz, S., Neu, T.R., van Loosdrecht, M.C., Lin, Y.M., 2020. Aerobic granular sludge
contains Hyaluronic acid-like and sulfated glycosaminoglycans-like polymers.
Water Res. 169, 115291.

Frolund, B., Griebe, T., Nielsen, P.H., 1995. Enzymatic-activity in the activated-sludge
floc matrix. Appl. Microbiol. Biotechnol. 43 (4), 755e761.

Frolund, B., Palmgren, R., Keiding, K., Nielsen, P.H., 1996. Extraction of extracellular
polymers from activated sludge using a cation exchange resin. Water Res. 30
(8), 1749e1758.

Ghasimi, D.S.M., de Kreuk, M., Maeng, S.K., Zandvoort, M.H., van Lier, J.B., 2016.
High-rate thermophilic bio-methanation of the fine sieved fraction from Dutch
municipal raw sewage: cost-effective potentials for on-site energy recovery.
Appl. Energy 165, 569e582.

Guo, H., van Lier, J.B., de Kreuk, M., 2020. Digestibility of waste aerobic granular
sludge from a full-scale municipal wastewater treatment system. Water Res.
173, 115617.

Guo, X., Wang, X., Liu, J.X., 2016. Composition analysis of fractions of extracellular
polymeric substances from an activated sludge culture and identification of
dominant forces affecting microbial aggregation. Sci. Rep. 6, 28391.

Li, X.W., Dai, X.H., Takahashi, J., Li, N., Jin, J.W., Dai, L.L., Dong, B., 2014. New insight
into chemical changes of dissolved organic matter during anaerobic digestion of
dewatered sewage sludge using EEM-PARAFAC and two-dimensional FTIR
correlation spectroscopy. Bioresour. Technol. 159, 412e420.

Li, X.Y., Yang, S.F., 2007. Influence of loosely bound extracellular polymeric sub-
stances (EPS) on the flocculation, sedimentation and dewaterability of activated
sludge. Water Res. 41 (5), 1022e1030.

Lin, Y., de Kreuk, M., van Loosdrecht, M.C.M., Adin, A., 2010. Characterization of
alginate-like exopolysaccharides isolated from aerobic granular sludge in pilot-
plant. Water Res. 44 (11), 3355e3364.

Lin, Y.M., Nierop, K.G.J., Girbal-Neuhauser, E., Adriaanse, M., van Loosdrecht, M.C.M.,
2015. Sustainable polysaccharide-based biomaterial recovered from waste
aerobic granular sludge as a surface coating material. Sustain. Mater. Technol. 4,
24e29.

Lin, Y.M., Sharma, P.K., van Loosdrecht, M.C.M., 2013. The chemical and mechanical
differences between alginate-like exopolysaccharides isolated from aerobic
flocculent sludge and aerobic granular sludge. Water Res. 47 (1), 57e65.

Liu, H., Fang, H.H.P., 2002. Extraction of extracellular polymeric substances (EPS) of
sludges. J. Biotechnol. 95 (3), 249e256.

Lotito, A.M., De Sanctis, M., Di Iaconi, C., Bergna, G., 2014. Textile wastewater
treatment: aerobic granular sludge vs activated sludge systems. Water Res. 54,
337e346.

Lu, F., Zhou, Q., Wu, D., Wang, T.F., Shao, L.M., He, P.J., 2015. Dewaterability of
anaerobic digestate from food waste: relationship with extracellular polymeric
substances. Chem. Eng. J. 262, 932e938.

Luo, J., Zhang, Q., Zhao, J., Wu, Y., Wu, L., Li, H., Tang, M., Sun, Y., Guo, W., Feng, Q.,
Cao, J., Wang, D., 2020. Potential influences of exogenous pollutants occurred in
waste activated sludge on anaerobic digestion: a review. J. Hazard Mater. 383,
121176.

Mottet, A., Francois, E., Latrille, E., Steyer, J.P., Deleris, S., Vedrenne, F., Carrere, H.,
2010. Estimating anaerobic biodegradability indicators for waste activated
sludge. Chem. Eng. J. 160 (2), 488e496.

Novak, J.T., Sadler, M.E., Murthy, S.N., 2003. Mechanisms of floc destruction during
anaerobic and aerobic digestion and the effect on conditioning and dewatering
of biosolids. Water Res. 37 (13), 3136e3144.

Palmeiro-Sanchez, T., del Rio, A.V., Mosquera-Corral, A., Campos, J.L., Mendez, R.,
2013. Comparison of the anaerobic digestion of activated and aerobic granular
sludges under brackish conditions. Chem. Eng. J. 231, 449e454.

Pronk, M., de Kreuk, M.K., de Bruin, B., Kamminga, P., Kleerebezem, R., van
Loosdrecht, M.C., 2015. Full scale performance of the aerobic granular sludge
process for sewage treatment. Water Res. 84, 207e217.

Salama, Y., Chennaoui, M., Sylla, A., Mountadar, M., Rihani, M., Assobhei, O., 2016.
Characterization, structure, and function of extracellular polymeric substances
(EPS) of microbial biofilm in biological wastewater treatment systems: a review.
Desalination Water Treatment 57 (35), 16220e16237.

Sam, S.B., Dulekgurgen, E., 2016. Characterization of exopolysaccharides from
floccular and aerobic granular activated sludge as alginate-like-exoPS. Desali-
nation Water Treatment 57 (6), 2534e2545.

Sardari, R.R., Kulcinskaja, E., Ron, E.Y., Bjornsdottir, S., Friethjonsson, O.H.,
Hreggviethsson, G.O., Karlsson, E.N., 2017. Evaluation of the production of
exopolysaccharides by two strains of the thermophilic bacterium Rhodo-
thermus marinus. Carbohydr. Polym. 156, 1e8.

Seviour, T., Lambert, L.K., Pijuan, M., Yuan, Z.G., 2010. Structural determination of a
key exopolysaccharide in mixed culture aerobic sludge granules using NMR
spectroscopy. Environ. Sci. Technol. 44 (23), 8964e8970.

Seviour, T., Pijuan, M., Nicholson, T., Keller, J., Yuan, Z.G., 2009. Gel-forming exo-
polysaccharides explain basic differences between structures of aerobic sludge
granules and floccular sludges. Water Res. 43 (18), 4469e4478.

Sun, J., Guo, L., Li, Q., Zhao, Y., Gao, M., She, Z., Wang, G., 2016. Structural and
functional properties of organic matters in extracellular polymeric substances
(EPS) and dissolved organic matters (DOM) after heat pretreatment with waste
sludge. Bioresour. Technol. 219, 614e623.

Tajmir-Riahi, H.A., 1984. Infrared spectra of crystalline b-d-glucuronic acid and its
Naþ, Kþ, and Rbþ salts. Carbohydr. Res. 125 (1), 13e20.

Wang, Z.W., Wu, Z.C., Tang, S.J., 2009. Extracellular polymeric substances (EPS)
properties and their effects on membrane fouling in a submerged membrane
bioreactor. Water Res. 43 (9), 2504e2512.

Ye, F.X., Liu, X.W., Li, Y., 2014. Extracellular polymeric substances and dewaterability
of waste activated sludge during anaerobic digestion. Water Sci. Technol. 70 (9),
1555e1560.

Yu, G.H., He, P.J., Shao, L.M., Lee, D.J., Mujumdar, A.S., 2010. Extracellular polymeric
substances (EPS) and extracellular enzymes in aerobic granules. Dry. Technol.
28 (7), 910e915.

Yuan, D.Q., Wang, Y.L., Feng, J., 2014. Contribution of stratified extracellular poly-
meric substances to the gel-like and fractal structures of activated sludge. Water
Res. 56, 56e65.

Zhang, T.T., Wang, Q.L., Khan, J., Yuan, Z.G., 2015. Free nitrous acid breaks down
extracellular polymeric substances in waste activated sludge. RSC Adv. 5 (54),
43312e43318.

Zhang, X.D., Hu, J.M., Spanjers, H., van Lier, J.B., 2014. Performance of inorganic
coagulants in treatment of backwash waters from a brackish aquaculture
recirculation system and digestibility of salty sludge. Aquacult. Eng. 61, 9e16.

Zheng, Y.M., Yu, H.Q., Sheng, G.P., 2005. Physical and chemical characteristics of
granular activated sludge from a sequencing batch airlift reactor. Process Bio-
chem. 40 (2), 645e650.

Zhu, L., Zhou, J.H., Lv, M.L., Yu, H.T., Zhao, H., Xu, X.Y., 2015. Specific component
comparison of extracellular polymeric substances (EPS) in flocs and granular
sludge using EEM and SDS-PAGE. Chemosphere 121, 26e32.

http://refhub.elsevier.com/S0043-1354(20)30461-9/sref14
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref14
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref14
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref15
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref15
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref15
https://doi.org/10.1016/j.bioflm.2019.100011
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref17
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref17
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref17
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref17
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref18
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref18
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref18
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref19
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref19
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref19
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref20
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref20
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref20
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref20
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref21
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref21
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref21
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref21
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref21
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref22
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref22
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref22
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref23
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref23
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref23
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref24
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref24
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref24
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref24
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref24
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref25
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref25
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref25
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref25
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref26
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref26
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref26
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref26
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref27
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref27
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref27
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref27
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref27
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref28
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref28
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref28
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref28
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref29
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref29
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref29
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref30
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref30
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref30
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref30
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref31
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref31
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref31
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref31
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref32
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref32
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref32
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref32
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref33
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref33
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref33
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref33
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref34
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref34
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref34
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref34
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref35
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref35
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref35
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref35
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref36
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref36
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref36
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref36
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref37
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref37
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref37
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref37
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref37
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref38
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref38
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref38
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref38
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref39
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref39
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref39
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref39
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref39
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref40
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref40
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref40
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref40
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref41
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref41
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref41
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref41
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref42
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref42
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref42
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref42
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref42
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref43
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref43
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref43
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref43
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref43
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref43
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref44
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref44
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref44
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref44
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref45
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref45
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref45
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref45
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref46
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref46
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref46
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref46
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref47
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref47
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref47
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref47
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref48
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref48
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref48
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref48
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref49
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref49
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref49
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref49
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref50
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref50
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref50
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref50
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref51
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref51
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref51
http://refhub.elsevier.com/S0043-1354(20)30461-9/sref51

	Structural extracellular polymeric substances determine the difference in digestibility between waste activated sludge and  ...
	1. Introduction
	2. Materials and methods
	2.1. Inoculum and substrates
	2.2. Experimental setup
	2.3. Analytical methods
	2.3.1. EPS extraction
	2.3.2. SEPS extraction
	2.3.3. Physicochemical analyses
	2.3.4. FT-IR spectroscopy
	2.3.5. 3D-EEM spectroscopy
	2.3.6. Gel formation property
	2.3.7. Statistical analysis


	3. Results and discussion
	3.1. Batch anaerobic digestion of AGS and WAS
	3.2. Degradation kinetics of SEPS
	3.3. Variation of chemical composition and gel-forming stiffness of SEPS
	3.3.1. Chemical composition
	3.3.2. FT-IR analysis
	3.3.3. 3D-EEM assays
	3.3.4. Gel-forming strength

	3.4. Structural changes of SEPS in EPS matrix
	3.5. SEPS degradation mechanism and implications

	4. Conclusions
	Declaration of competing interest
	5 Acknowledgements
	Appendix A. Supplementary data
	References


