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Extracellular polymeric substances (EPS) are important components of activated sludge, whose content and
composition have important effects on the macro-physical properties of sludge. In this study, the response of EPS
in sludge to temperature (− 40–200 ◦ C) was systematically investigated using XAD resin fractionation, variabletemperature infrared spectra (VTIS) and two-dimensional correlation spectroscopy (2D-COS). The relationships
between the molecular structure of EPS and the macro-physical properties (rheological property and dewatering
performance) of waste activated sludge (WAS) at varying temperature were also established. During the freezing
treatment, the solubilization of biopolymers and destruction of the hydrophilic functional groups (hydroxy,
amino and carboxyl) resulted in the production of small organic matters, which enhanced EPS hydrophobicity
and reduced electrostatic repulsion of sludge, and subsequent dewaterability improvement. For the hydrothermal
treatment, the EPS transformation showed a two-stages reaction including stage I (70–120 ◦ C) and stage II (>120
◦
C). Stage I (70–120 ◦ C), a plenty of hydrophilic functional groups (hydroxy, amino and carboxyl) in EPS were
exposed via the solubilization of biopolymers, which enhanced electrostatic repulsion of sludge and EPS hy
drophilicity, and subsequence in deterioration of sludge dewaterability and fluidity. However, at stage II (>120
◦
C), the high temperature caused hydrolyzation of macromolecular organic matters in completely, in which the
secondary structure of the protein was destroyed, causing the peptide chain to unfold. In addition, the reduction
of α-helix and β-sheet content and intensified Maillard reaction decreased electrostatic repulsion of sludge, thus
resulted in the improvement of sludge dewaterability and fluidity. This study enriched the theoretical basis of the
optimal control of sludge treatment based on temperature regulation.

1. Introduction
Waste activated sludge (WAS) is a major product of waste water
treatment plants, more than 60 million tons of sludge with moisture
content of 80% were produced annually in China (Yin et al., 2018; Wu
et al., 2020). WAS generally contains over 90wt% of water, the dew
atering process is of engineering practical importance in reducing water
content and volume for sludge subsequent transportation and safe
disposal. Usually, chemical additions (e.g., acid, ferric and such etc.) and
mechanical dewatering techniques (press filter) were united for thick
ened sludge conditioning. However, the cost of above dewatering pro
cesses represents a significant of the total operation cost in typical
municipal wastewater treatment plants (MWTPs) (Zhao et al., 2015),

and also failing to meet the increasingly stringent criteria of subsequent
sludge disposal. In addition, extracellular polymeric substances (EPS)
are in the form of gel-like structure in which highly bound to water
molecules (Tan et al., 2015; Yuan et al., 2014), and account for 60–80%
of the biomass of activated sludge, have important effects on the surface
charge, floc stability, and macro-physical properties (Liu et al., 2019a;
Zhang et al., 2019). Further reducing intracellular bound water from
EPS still remains a challenge. Thus, numerous processes including
coagulation/flocculation, chemical oxidation (Zhang et al., 2015; Wang
et al., 2009), ultrasonic pretreatment (Bien and Wolny, 1997), hydro
thermal treatment (Guan et al., 2012), and freezing treatment (Gao,
2011) have been supplemented to regulate EPS structures and improve
the mechanical dewatering performance of sludge. Among these
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2. Materials and methods

Table 1
Characteristics of raw waste activated sludge.
Indictor

Moisture
content (%)

pH

VSS/
TSS

CST
(s)

d0.5
(μm)

Zeta potential
(mV)

Value

96.74

7.48

0.53

232

45.0

− 34.1

2.1. Materials
The waste activated sludge (WAS) was collected from the Beixiao
River Sewage Treatment Plant located in Beijing. The sludge charac
teristics are given in Table 1. All the chemical reagents used in this study
are of an analytical grade and purchased from Sinopharm Chemical
Reagents Co., Ltd in China. In addition, the experimental water was
deionized water.

strategies, sludge conditioning processes based on temperature regula
tion (hydrothermal treatment and freezing treatment) are highly effec
tive in enhancing sludge dewatering performance.
During sludge freezing process, the growth of ice crystals can
continuously exclude and compress floc and other particles, destroy
cells, release organic matters and intracellular-bound water, resulting in
sludge dewaterability enhancement (Gao et al., 2006; Gao, 2011). For
example, Hu et al. (2011) found that freeze-thaw treatment promoted
the release of organic matters in sludge in the ’curing stage’. Gao (2011)
claimed that the combination of alkalization and freezing treatment
could promote the release of organic matter and ammonia nitrogen. Sun
et al. (2018) showed that adding nitrite prior to freezing process can
promote the release of low molecular weight proteins and poly
saccharides. Similarly, hydrothermal treatment can improve the hy
drolysis of organic matter via solubilization of cells in sludge, releasing
bound water trapped in biopolymers (Bougrier et al., 2008; Wang and
Li, 2015). In addition, hydrothermal treatment is also used as a pre
treatment of anaerobic digestion to improve the stability of the organic
matter and biogas production during anaerobic digestion. However,
previous studies regarding the freezing and hydrothermal treatments
(especially thermal hydrolysis technology) always focus on the sludge
dewatering enhancement or biogas production efficiency, the EPS
transformation and its influential mechanisms on the macro-physical
properties (dewaterability and rheological behavior) of sludge during
freezing and hydrothermal treatments still lack systematic investigation.
Variable-temperature infrared spectra (VTIS) can continuously and
momentarily observe variations of functional group characteristics and
record the infrared spectrum of samples at varying temperatures. Lowtemperature VTIS is commonly used to study the vitrification transi
tion of polymer materials, and high-temperature VTIS is usually used to
examine the structural properties of various materials and the thermo
dynamic parameters in chemical reactions at varying temperatures. For
example, Zhang et al. (2000) studied the relationship between the
dehydrating and recrystallization behaviors of titanate crystals by VTIS,
and Tian et al. (2012) used variable-temperature infrared analysis to
study the conformational transformation of soybean proteins with the
change in temperature. Delgado and Arean (2011) used VTIS to study
the adsorption thermodynamic of various gasses concerning h-beta ze
olites and obtained the adsorption enthalpy and entropy. Therefore,
VTIS is a powerful tool to study the physical changes and chemical
processes of substances, such as the phase transition, intermolecular
forces, chemical reactions, etc. In addition, previous studies have proved
the interaction between protein and humic like components in natural
organic matters (NOM) using infrared and fluorescence quenching
(Guan et al., 2018; Wang et al., 2015). The interactions of organic
compounds in sludge do not only affect the EPS properties, but they also
affect the macro-physical properties of sludge. The VTIS might be the
potential technique to get insights of EPS transformation at varying
temperature and elucidate influential mechanism of temperature on the
sludge dewaterability.
The main objectives of this work are to: (1) investigate the effect of
different temperatures (− 40 ~ 200 ◦ C) on the macroscopic properties of
sludge (fluidity and dewaterability); (2) unravel the influential mecha
nism of temperature on EPS hydrophilicity and its components trans
formation using VTIS and 2D-COS methods; (3) establish the
relationship between molecular structure of EPS and macroscopic
physical properties under sludge treatment based on temperature
regulation.

2.2. Experimental methods
2.2.1. EPS extraction
In this study, EPS was extracted by cation exchange resin (CER)
technique (Dowex Marathon C, 20–50 mesh, sodium form, Fluka
91,973) (Frølund et al., 1996). Specifically, WAS was centrifuged at
3000 rpm for 15 min, and the pellets were washed twice by 100 mmol/L
NaCl solution, CER was added to the re-suspended sludge pellets with
the dosage of 60 g/g total suspended solids (TSS), and the mixture was
stirred for 12 h at 200 rpm and 4 ◦ C. Then the mixture was
re-centrifugated at 10,000 rpm for 10 min, and the EPS fraction was
collected after filtrating through 0.45-μm acetate cellulose membranes.
And the content of corresponding organic matter in EPS was shown in
Table S1
2.2.2. Sludge and EPS treatment through temperature regulation
200 mL of WAS were added into two 500 mL polyethylene tere
phthalate plastic bottles, and they were sealed at − 40 and − 20 ◦ C for 2 h
for the freezing treatment. As for the hydrothermal treatment, the WAS
was poured into a 200-mL lined vessel of Teflonlined ethylene (Teflon
lined vessel), sealed in a high-pressure reaction kettle and then trans
ferred to a blast oven to be heated for 2 h at 80 ~ 200 ◦ C. EPS was treated
as the same way to investigate the properties of EPS after freezing
treatment and hydrothermal treatment.
2.2.3. Preparation of the mixed simulants
The simulant preparation was based on the protein and humic acid
content in the EPS, and the HA amount was appropriately increased. The
HA (20 mg/L) and (bovine serum albumin) BSA (1000 mg/L) solutions
were mixed and stirred at 150 rpm for 1 h prior to freeze-drying to
obtain solid samples for the VTIS analysis.
2.3. Analytical methods
2.3.1. Macro-physical properties of sludge
2.3.1.1. Sludge dewaterability assessment. Details for specific resistance
to filtration (SRF) and capillary suction time (CST) measurements are
provided in SI Text 1.
2.3.1.2. Test and simulation of the sludge rheology. The sludge rheology
was tested on a rheometer (Physica MCR302 Rheometer, Anton Paar,
Austria), with the temperature maintained at 25 ◦ C by Peltier control. A
PP50 plate sensor with a 49.94-mm diameter and 2.0-mm gap was used.
Flow curves of sludge samples were obtained using a control shear rate
model. And the rheological test was measured in the logarithmic growth
phase at an increased shear rate from 0.01 to 600 s− 1.The flow curves
were obtained by plotting the shear stress against the shear rate. The
rheological models used to fit the flow curve was provided in SI Text 2.
2.3.2. Variable temperature infrared spectroscopy (VTIS) analysis
A Fourier Transform Infrared Spectrometer (Thermo Fisher Nicolet
iS50) with the in-situ reaction cell and the associated temperature
control accessory (Harrick) were used to measure the variable
2
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organic materials separation.
2.3.5. Hydrophobic/hydrophilic characteristics analysis of EPS
EPS after freezing treatment and hydrothermal treatment was frac
tionated using Amberlite XAD-4/XAD-8 resins. The hydrophobic frac
tions were the compounds which were absorbed on XAD-4 and XAD-8
resins, and the hydrophilic fractions was the compounds not retained on
either resin. (Wei et al., 2020). Additionally, the hydrophobicity of EPS
was also analyzed by the binding ability with hydrophobic chromophore
bromophenol blue (Chelh et al., 2006).
2.3.6. Statistical methods
The fitting of the rheological data was completed by OriginPro 2018,
the reconstructed data matrix was then progressed using the 2D Shige
software (Kwansei Gakuin University, Japan). Statistical analysis was
carried out using the SPSS Statistics version 21.0 (SPSS, Chicago, IL,
USA).
3. Results and analysis
3.1. Variation of the macroscopic physical properties of sludge with
temperature
3.1.1. Changes in the sludge dewatering performance with temperature
Batch experiments were performed to compare the sludge dewater
ing performance at varying temperature. From Figs.1a and S1, the CST
and SRF were significantly decreased with freezing treatment. After
being treated at − 20 ◦ C, the CST of sludge reduced from 6.02 s∙L/g to
0.98 s∙L/g, and the SRF decreased from 2.31×1014 m/kg to 9.86×1013
m/kg, demonstrating that sludge dewaterability was significantly
improved. In the hydrothermal treatment, SRF and CST increased before
120 ◦ C and reached the maximum of 2.82 × 1015 * m∙kg− 1 and 183.29
s∙L/g, respectively and then reduced.
3.1.2. Change in the sludge rheological properties with temperature
The rheological properties can provide information about fluid
microstructure, as shown in Fig 1b, the slope of flow curves of all test
samples with increasing shear stress and shear rate was illustrated. And
the viscosity is defined as the ratio of shear stress to shear rate, which
can be evaluated by means of the flow curve (Eshtiaghi et al., 2013). All
sludge samples had yield stress, which indicates the existence of inter
active forces between the sludge flocs. When the shear stress was suf
ficient to break the binding force between the flocs, the flow resistance
decreased and the flocs began to flow. The flow curves of all the samples
had the basic characteristics of the yielding pseudoplastic fluid, and the
slope of the curves decreased with the increase of shear rate.
Hershel-Bulkley (H-B), pseudoplastic and Newton models were used to
fit the sludge flow curve, respectively. The calculated parameters of each
model are given in Table S2. The flow curves of all sludge samples were
best fitted to the H-B model (R2 > 0.994), where n (flow index) reflects
the strength of the sludge floc, and k (consistency index) reflects the
viscosity of the fluid. Also, the sludge consistency index (k) decreased
after the freezing treatment; while it firstly increased and then decreased
with increasing in temperature under hydrothermal treatment. The
rheological properties can provide information about fluid microstruc
ture. The existence of biopolymer network structure deteriorated the
sludge fluidity, and it also affected the dewatering performance in
constant pressure conditions (Stickland, 2015). Therefore, the same
patterns of changes in sludge dewaterability and fluidity were observed.
This result suggests that the change of flocs structure and the trans
formation of biopolymers played the leading role in the physical prop
erties of sludge.

Fig. 1. Effects of different treatment temperatures on macroscopic physical
properties of sludge:(a) dewaterability;(b) Flow curves of shear stress as a
function of the applied shear rate.

temperature infrared measurement of EPS, BSA and the mixed simulant.
The test temperature ranges were − 100–0 ◦ C and 20–200 ◦ C, every 10
◦
C residence 10 min, and the analysis range was 650 ~ 4000cm− 1.
2.3.3. Characterization of sludge floc properties
The sludge samples were freeze-dried under vacuum for 72 h, and
scanning electron microscope (SEM) images were measured using a field
emission scanning electron microscopy (ZEISS, Gemini300, German). A
Zetasizer Nano-ZS90 was used to measure the Zeta potential of sludge
before and after treatment.
2.3.4. Analysis of organic substances in sludge
The organic content in sludge supernatant before and after treatment
was analyzed using Total Organic Carbon (TOC) analyzer (Shimadzu,
Japan). More detailed information regarding the organic transformation
was obtained by XPS (ESCALAB 250Xi, Boyue, China). Proteins were
measured using the Lowry method using BSA as the standard, whereas
polysaccharides were measured using the anthrone-sulfuric acid method
using glucose as the standard. Molecular weight (MW) was determined
by a Waters liquid chromatography system that consisted of a Waters
2487 Dual l Absorbance Detector, Waters 1525 pump system. A Shodex
KW 802.5 gel chromatography column (Shoko, Japan) was used for

3.2. Change in sludge floc properties with temperature
Fig. S2 presented that the zeta potential of the sludge decreased from
3
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larger particles, which disrupted the EPS structure and reduced the
electrostatic interactions between the sludge flocs. The decreased
negative charges on floc surface led to the decreased of electrostatic
interactions between the sludge flocs, resulting the stabilization and
flocculation of sludge, which contributes to the dewatering improve
ment (Cao et al., 2021). The result indicated that both freezing and
hydrothermal treatments affected the negative charges on the floc sur
face and subsequent the interaction between sludge flocs, which may
result in the change of sludge dewaterability and flowability.
The sludge floc morphologies after being treated under different
temperatures were observed through FE-SEM. From Fig. S3, sludge
treated at − 40 ◦ C was broken, and more denser flocs were formed and
consolidated morphology compared to raw sludge (Fig. S3). The irre
versible destruction of cells and flocs reduced the flowing of sludge
resistance. Although there were no obvious changes after the mild
(80 ◦ C) hydrothermal treatment, the sludge flocs surface became loose
with some irregular filamentous bacteria after treated under
100–120 ◦ C. Under this condition, the release of hydrophilic organics
led to deterioration of sludge dewatering performance. However, when
the temperature was increased to 160 ◦ C, the filaments almost dis
appeared, and the surface of sludge floc tended to become rough and
porous. With the further increase in temperature (> 180 ◦ C), the floc
structure was completely destroyed into small fragments. The destroyed
of the network structure at high hydrothermal treatment led to a
decrease in the shearing resistance of sludge particles, resulting in the
enhancement of flow capacity and dewaterability of sludge. Meanwhile,
the SRF and CST decreased from the maximum of 2.82 × 1015 * m∙kg− 1
and 183.29 s∙L/g at 120 ◦ C to 1.88 × 1014 * m∙kg− 1 and 1.088 s∙L/g at
180 ◦ C, the viscosity of sludge dropped sharply after hydrothermal
treated at 180 ◦ C and the flow curve of sludge sample was close to
Newtonian fluid properties.
3.3. Changes in the sludge organic matter with temperature
To examine the biopolymers transformation under different tem
perature treatments, organics of supernatant in treated sludge were
quantified as shown in Fig. 2a. By comparison, dissolved organic matters
(DOMs) in sludge treated by both freezing and hydrothermal methods
were significantly increased, and the hydrothermal treatment led to a
more significant release of biopolymers compared to the freezing
treatment. Gao (2011) proved that the amount released of the organic
matter after 24 h of sludge freezing was close to that after 30 min of
hydrothermal treatment at 103 ◦ C. In addition, Hu et al. (2011) found
that the release of organics mainly occurred in the curing stage (freezing
more than 3 h) and little amount of organic matter was released in the
freezing stage. Fig. 2b shows the content of proteins and polysaccharides
in supernatant of sludge increased after freezing and hydrothermal
treatments. The polysaccharides increased significantly from 80 ◦ C to
140 ◦ C, and it reached a maximum at 160 ◦ C then decreased with the
further increase of temperature. The Maillard reactions at higher tem
peratures may have resulted in polysaccharide consumption (Zhang
et al., 2020).
The MW distributions and contents of organic matters in supernatant
of sludge after the freezing and hydrothermal treatments was presented
in Fig. 2c and Fig. S4. The relative quantity of high-MW organic matters
(>5 kDa) increased after freezing treatment at − 20 ◦ C, while decreased
after freezing treatment at − 40 ◦ C. These results indicated that freezing
treatment caused the decomposition of high-MW organic matters and
released more mid-MW organic matters (<5 kDa) into sludge bulk so
lution. The mild hydrothermal treatment (80–100 ◦ C) caused release of
low-MW organic matters (<1 kDa), then more mid-MW and high-MW
biopolymers were solubilized with the increase of temperature. During
HT treatment under <120 ◦ C, the ionization of functional groups
(including carboxyl, hydroxyl and phosphate groups) on EPS during
hydrolysis stage increased the negative charges of floc surfaces (Xu
et al., 2018; Yuan et al., 2011), resulting in enhanced sludge electrostatic

Fig. 2. Changes in organic matters of the sludge liquid phase by different
treatment temperatures: (a) dissolved organic carbon (DOC); (b) soluble pro
teins and polysaccharides;(c) the MW (molecular weight) distributions.

− 34.1 mV to − 45.3 mV as the temperature increased from 25 ◦ C to 120
◦
C, then it increased to − 14.1 mV by raising temperature to 200 ◦ C. On
the other hand, after the freezing treatment at − 40 ◦ C, the zeta potential
of the sludge increased to − 21.8 mV. This is might because the growing
ice crystals could force sludge particles to merge together and grow into
4
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Fig. 3. Changes in EPS hydrophilicity/hydrophobicity by different treatment
temperatures: (a) fractional distribution of biopolymers in EPS; (b) hydropho
bicity evaluated by the hydrophobic chromophore bromophenol blue method.

repulsion and subsequent dewaterability deterioration. However, when
temperature was higher than 120 ◦ C, the biopolymers in sludge were
gradually hydrolyzed into smaller molecules, and they lost the electric
double layer of the gel-like structure. For example, Wang et al. (2021)
found that the biopolymer in the liquid phase could form a gel-like
network structure and led to the deteriorated of dewaterability. Which
indicated that network structure formed by high-MW organic matters
had better water retention capacity. As the temperature of hydrothermal
treatment increased, the intensification of high-MW biopolymers hy
drolysis reactions led to the destruction of gel-like network structure and
release of bound water.
To understand the organic matter transformation in sludge, the N1s
XPS measurement was further applied on polymer samples of treated
sludge. As depicted in Fig. S5, there was no obvious changes upon Ncontaining components in EPS after the freezing treatment, indicated

Fig. 4. Low temperature VTIS of EPS: (a) 650–4000 cm− 1; (b) 800–1700 cm− 1;
(c) 1600–1700 cm− 1.
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pyrrole-N began to appear and continuously increased with further in
crease in temperature. As a result, the moisture of sludge cake was
decreased.
3.4. Polarity distribution of EPS with temperature
As shown in Fig. 3a, the content of hydrophobic fraction was
increased after freezing treatment at − 20 ◦ C, demonstrating freezing
treatment caused enhancement of EPS hydrophobicity. After freezing
treatment at − 40 ◦ C, the content of hydrophilic fraction increased
slightly, this is likely because that freezing treatment caused decompo
sition of EPS and produced some hydrophilic biopolymers. Additionally,
the hydrophobicity of EPS evaluated by the BPB method showed that
more BPB was bound to EPS after freezing treatment (Fig. 3b). This
observation indicates freezing treatment induces the exposure of more
hydrophobic functional groups of EPS. The increased hydrophilic frac
tion of EPS after hydrothermal treatment at 80 ◦ C and 100 ◦ C illustrated
that hydrophilic small molecular organic matters were produced due to
solubilization of EPS in hydrothermal process, which weakened the
hydrophobic interaction between EPS and BPB. With further increase in
temperature from 120 ◦ C to 200 ◦ C, the hydrophobic interaction be
tween EPS and BPB was enhanced and the hydrophilic fraction was
reduced.
3.5. Response of EPS to temperature variation
To get insights of temperature effects on the functional groups of EPS
during the freezing and hydrothermal treatments, the EPS were
extracted and analysed by VTIS technique. The infrared spectra (wave
length range of 650–4000 cm− 1) of EPS during the freezing
(− 100 ◦ C–0 ◦ C) and hydrothermal (20 ◦ C–200 ◦ C) treatments were
illustrated in Figs. 4 and 5, respectively. The functional groups of EPS
can be divided into hydrocarbons, amides groups in proteins, poly
saccharides and nucleic acids, and the assignments of these peaks were
displayed in Table S3.
In the infrared spectrum of EPS subjected to the freezing treatment,
with the decrease in temperature, the absorbance of the characteristic
peak near 3400 cm− 1 constantly increased, and the characteristic peak
at 2367 cm− 1 gradually appeared, illustrating that freezing treatment
affected the stretching of the O–H in the hydroxy. Therefore, it can be
confirmed that the environment of organic matter changed significantly
around − 60 ◦ C. Tompa et al. (2009) found that the hydration layer of
protein began to freeze at − 53 ◦ C, and the protein molecules underwent
dynamic transformation when the temperature decreased to − 60 ◦ C. As
depicted in Fig. 4c, the characteristic peak of the amide I bands in EPS
were sharpened, and they became more intensive in the freezing pro
cess, indicating that the secondary structure of protein was greatly
altered. These suggested that the stretching and vibration of the hy
drophilic functional groups in EPS were gradually enhanced with the
decreasing temperature, which made these groups vulnerable to be
damaged during freezing-thaw treatment. Therefore, after freezing
treatment, the EPS hydrophobicity was increased and some smaller
molecular organic matters was released. Meanwhile, the absorbance of
the wide characteristic peak near 1100 cm− 1 was decreased under
freezing, which was due to the destruction of functional groups of
polysaccharides, nucleic acids with the decreasing temperature.
In the high-temperature VTIS of EPS (Fig. 5b), the amide II and
amide III bands showed more distinct variations compared to amide I
band, which might be related to the strength of hydrogen bonds between
molecules. The vibration of the amide I band mainly comes from the
– O stretching vibration (Casal and Mantsch, 1984; Mennucci and
C–
Martinez, 2005), and the vibrations of amide II and amide III bands
mainly comes from N–H stretching and C–N bending (Barth 2007).
Thus, the amide II and amide III bands are more sensitive to temperature
compared to amide I band. The characteristic peak of the amide II band
(1540 cm− 1) was resolved at high temperature, and it shifted to two

Fig. 5. High temperature VTIS of EPS: (a) 650–4000 cm− 1; (b) 800–1700 cm− 1;
(c) 1600–1700 cm− 1.

that the protein structure remained relatively stable. However, the peak
area of the protein-N in sludge gradually decreased with the increase of
temperature during hydrothermal treatment. When the temperature was
increased to 160 ◦ C, protein-N content significantly decreased, while
6
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Fig. 6. Synchronous and asynchronous two-dimensional high temperature variable infrared correlation maps of EPS. (a) Synchronous 2D-COS of 900–1700 cm− 1; (b)
Asynchronous 2D-COS of 900–1700 cm− 1; (c) Synchronous 2D-COS of 1700–1600 cm− 1 and (d) Asynchronous 2D-COS of 1700–1600 cm− 1. Moving window map
spectra of EPS: (e) − 100 ◦ C–0 ◦ C;(f) 20 ◦ C–200 ◦ C.
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Fig. 7. Synchronous and asynchronous two-dimensional variable temperature correlation maps of BSA and HA&BSA mixture: (a) Synchronous 2D-COS of BSA; (b)
Asynchronous 2D-COS of BSA; (c) Synchronous 2D-COS of HA&BSA mixture and (d) Asynchronous 2D-COS of HA&BSA mixture.

sides. Barth (2007) suggested that there are coupling effects between
adjacent peptide bonds in the amide II and amide III bands, which affects
the vibration and displacement of these groups in the infrared test. The
amide II band and the original equilibrium state between the groups
were destroyed under high temperature condition, and the split char
acteristic peak generated a displacement. Also, a part of the character
istic peak was shifted to the high frequency band by the action of the
amide I band, and the other part was shifted to the low frequency band.
The high-temperature VTIS of the amide I band secondary structure is
shown in Fig. 5c, and there are four categories of amide I band, including
β-sheet (1630–1640 cm1), random coil (1640–1650 cm− 1), α-helix
(1650–1660 cm− 1), and β-turn (1680–1690 cm− 1). The characteristic
peaks corresponding to the α-helix, β-sheet, and random coil decreased
with the increase in temperature, which indicates that the high tem
perature destroyed the secondary structure of the protein, causing the
peptide chain to unfold. The decrease in the α-helix content leads to the
enhancement of the hydrophobicity of proteins (Hou et al., 2015; Zhang
et al., 2019). In addition, high temperatures induce reactions that affect
the functional groups. For example, the dehydration and decarboxyl
ation reactions of the organic matter occurred at high temperatures,
resulting in a decrease in the oxygen-containing functional groups, such
as the COO- group at about 1405 cm− 1, the C–OH group at 1155 cm− 1,
and the O–H group at 3413 cm− 1 (Funke and Ziegler, 2010). The

characteristic peak associated with the substituent in the benzene ring at
860 cm− 1 gradually disappeared with the increase in temperature,
which was attributed to the Maillard reaction of the aromatic proteins at
high temperature (Su et al., 2015), and this can be confirmed by the XPS
analysis. The absorbance of the characteristic peak at 1650 cm− 1, which
– O group, increased after the temperature was over
is related to the C–
150 ◦ C. Also, it is most likely that the reductones and aldehydes were
generated by the amine aldehyde condensation of the biopolymers
(Lund and Ray, 2017; Su et al., 2015). These hydrothermal reactions
consumed the hydrophilic functional groups in the biopolymers,
resulting in the decreased in the hydrophilicity of the sludge particles,
and the hydrophobic groups produced developed the hydrophobic
interaction between the EPS and BPB.
3.6. Response of the functional groups in EPS to the changes of
temperature
3.6.1. Response of the functional groups in EPS to the temperature changes
Two-dimensional correlation spectroscopy (2D-COS) can enhance
the VTIS resolution and obtain detailed information regarding the
changes in the sample under temperature variations. In order to further
understand the response of the functional groups of EPS to the tem
perature changes, the high-temperature VTIS results were analysed
8
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using 2D-COS. As depicted in Fig. 6a, the synchro-correlation map
showed there were night auto-peaks on the diagonal of 1650 cm− 1,
1540 cm− 1, 1500 cm− 1, 1450 cm− 1, 1405 cm− 1, 1320 cm− 1, 1200 cm− 1,
and 1025 cm− 1. The peak at 1500 cm− 1 is attributed to the amide II band
split and displacement at high temperature, and the peak at 1320 cm− 1
was produced by the S-O stretching whose intensity was weak. There
fore, the changes of the six automatic peaks, which are located at 1025
cm− 1, 1200 cm− 1, 1405 cm− 1, 1450 cm− 1, 1540 cm− 1, and 1650 cm− 1
were evaluated. Through the analysis of the synchronous and asyn
chronous map, the response degree of these peaks to the increase in
temperature followed the order 1200 cm− 1 > 1540 cm− 1 > 1650 cm− 1 >
1405 cm− 1 1025 cm− 1 > 1450 cm− 1. Thus, the peak at 1200 cm− 1 had
the highest response degree to the increase in temperature, indicating
that the organic functional groups near the characteristic peaks (C–N
stretching and N–H bending of the amide III band (1240 cm− 1) and the
C–O-C stretching in the polysaccharides (1115 cm− 1)) showed the
greatest reaction activity with the increasing temperature. And the N–H
in 1540 cm− 1 was also affected obviously by the high temperature
condition. The results indicated that the occurred of amine aldehyde
condensation reactions caused the dramatically change of these func
tional groups. The aliphatic chain group located at 1450 cm− 1 showed
the lowest response degree and rate, indicating that the aliphatic com
pounds were more thermally stable and that a higher decomposition
temperature (> 150 ◦ C) was needed. And the sequence of the band
variation followed the order 1650 cm− 1 > 1405 cm− 1 > 1540 cm− 1 >
1200 cm− 1 >1025 cm− 1 >1450 cm− 1. Thus, the destruction of the
amide I bands structure was occurred firstly with the increasing tem
perature, led to the peptide chain to unfold and the change of the sec
ondary structure of the protein. Then the N–H in amide II amide III
bands started to be hydrolyzed and the O–H began to be involved in the
dehydration and condensation reactions, the decomposition of these
groups led to the decrease of the EPS hydrophilicity. Fig. 6c and
d showed magnified patterns of amide I bands (1600–1700 cm− 1),
which could reveal the variation of protein secondary structure under
high temperature condition. The response degree of these peaks to the
increase in temperature followed the order α-helix (1650–1660 cm− 1) >
β-sheet (1630–1640 cm− 1) > random coil (1640–1650 cm− 1) > β-turn
(1680–1690 cm− 1), and the sequence of the band variation followed the
order β-turn > random coil > α-helix > β-sheet. The results indicated
that α-helix and β-sheet have the greater reaction activity with the
increasing temperature and the β-turn and random coil were more
sensitive to the high temperature condition. Also, the moving window
spectrum could provide information on how the functional groups var
ied with the different temperatures (Fig. 6e and f). In the freezing pro
cess, the amide I and II bands most dramatically changed with the
decrease in temperature to around − 60 ◦ C. In the high-temperature
range, the changes in the functional groups of EPS were most evident
from 70 ◦ C to 150 ◦ C. The amide band of the protein molecules change
obviously at about 70 ◦ C, indicated that the structure of the amide band
started to destroy. Meanwhile, the corresponding functional groups of
the polysaccharides most dramatically changed at about 120–150 ◦ C,
demonstrated that the polysaccharides consumption was obviously
intensified during this period. The response of the functional groups
illustrated the pathways of Maillard reaction (Wang et al., 2021), and it
also further confirmed the relationship between EPS hydrophilicity and
transformation of biopolymers with the increased in temperature. The
release of the biopolymers enhanced the hydrophilic components at the
temperature of less than 120 ◦ C, and the dehydration reaction and
aromatization of biopolymers at higher temperatures, resulting in a
decrease in EPS hydrophilicity.

shown in Fig. 7.
Compared with the 2D-COS of BSA (Fig. 7a), the characteristic peaks
of the functional groups of protein in the HA&BSA mixture were obvi
ously displaced. The migration band was centered at about 1400 cm− 1,
which was associated with the stretching of the O–H group in the HAs
(Guan et al., 2018). As seen in Fig. 7c and d, the Synchronous and
asynchronous map shows that the response of the amide II band to the
temperature was faster than that of the amide I band in the HA&BSA
mixture, which is contrary to the response of the BSA. In addition, the
changes in the three amide bands in the HA&BSA mixture showed a
similar trend, but the change in the BSA was different. This observation
indicates that the HA presence affected the response of the amide band
in the protein to the temperature. The response of the amide III bands
was earlier than the responses of the amide I and amide II bands in the
HA&BSA mixture and BSA, and it also differed with the response order
in the EPS. This observation indicated that the polysaccharides presence
also affected the amide III response to temperature. Some studies have
shown that the N–H group in the amide II band could be affected by
external hydrogen bonds, resulting in the displacement of their infrared
characteristic peaks (Barth, 2007; Liu et al., 2019b). The peak splitting
and shifting of the amide II band in high-temperature VTIS was affected
by the amide I band in the protein and the O–H group in the HAs.
Through the VTIS and 2D-COS, the changes in the amide III band
showed a similar change to that of the corresponding functional groups
of polysaccharides. Thus, the interaction between the polysaccharides
and the proteins was likely associated with the amide III band. Also, the
existence of polysaccharides could improve the protein stability with the
change in temperature, while the interaction between the HA and the
protein affected the properties of the amide II and amide I bands. Guan
et al. (2018) found that some protein parts can be inserted into the cavity
of the HA through hydrophobic actions in aqueous solutions. These
released biopolymers may form aggregates through hydrophobic actions
and the hydrophilic groups was exposed, resulting in the decreased in
hydrophobic sites and more water enclosed in sludge floc. with the in
crease in temperature, the peptide chain was expanded. Then, the
interaction force between the protein and the HA was destroyed, and the
HAs was released. Therefore, the characteristic peak of the functional
group of the HAs (1384 cm− 1) in the VTIS started to obviously change
when the temperature exceeded 170 ◦ C. Also, the polysaccharides could
bind with some groups outside the protein molecules by hydrogen
bonding and electrostatic interaction, which are more susceptible to
temperature variation.
3.7. Effects of EPS transformation on the macroscopic physical properties
of sludge at varying temperature
As discussed above, EPS showed different changes during the hy
drothermal and freezing treatments, and these changes had distinct ef
fects on the macroscopic physical properties of the sludge. The freezing
treatment showed a less biopolymer solubilization effect and subsequent
in macroscopic physical properties of sludge, compared with hydro
thermal treatment. Meanwhile, the freezing treatment caused the solu
bilization of biopolymers and destruction of the hydrophilic functional
groups such as hydroxy, amino and carboxyl groups, producing small
organic matters. Consequently, the EPS hydrophobicity was enhanced,
and the negative charge density of the sludge floc was reduced, resulting
in the release of bound water and improvement of sludge macroscopic
physical properties (dewaterability and rheological behavior).
The dewaterability and fluidity of the sludge showed a two-stage
reaction in the hydrothermal process. From 70 ◦ C to 120 ◦ C, the bio
polymers (proteins and polysaccharides) were dissolved and released
from the sludge. The hydrophilic groups were exposed and more water
enclosed in sludge floc. The released colloidal biopolymers caused the
increase of negative charge density on the surface of the sludge,
resulting in an increase in the repulsion force among the flocs. The gellike network structure formed by the biopolymers contributing to flow

3.6.2. Interaction between protein, polysaccharide and HA under
temperature change
To explore the interaction of the organic fractions in the EPS, the
two-dimensional variation temperature infrared spectra of the HA&BSA
mixture (composed of HA and BSA) and the pure BSA were analyzed, as
9
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Fig. 8. Response of EPS to temperature and its influential mechanism on macroscopic physical properties of sludge.

resistance of the sludge under high shear stress, and release of high-MW
organic matters caused deterioration of the sludge dewaterability and
fluidity. The characteristic functional groups such as hydroxy, carboxyl
groups and amide band in proteins kept decreasing and then they un
derwent an obvious change with the increase in temperature to higher
than 70 ◦ C. The spectrum of the amide I band showed the peptide chain
unfolding gradually with increasing temperature. When the temperature
exceeded 120 ◦ C, the macromolecular organic substances were contin
ually hydrolysed, and side reactions were involved. For example, the
melanin-like substance produced by the Maillard reaction continuously
deepened the filtrate color, the deoxidization and decarboxylation of the
oxygen-containing functional groups and the cyclization of the N-con
taining organic matter enhanced the hydrophobicity of solid phase of
sludge. 150 ◦ C was a threshold of the changes in the physical and
chemical properties of the sludge and the transformation of the organic
fractions in the supernatant, which consists with the previous studies
(Bougrier et al., 2008; Wang and Li 2015; Yu et al., 2014). Under this
condition, the biopolymers were further hydrolyzed into small mole
cules, the negative charge density of the sludge surface decreased, EPS
hydrophobicity was enhanced. As a result, the sludge viscosity (μ)
decreased, and the fluidity and dewaterability were gradually improved
(Fig. 8).

(hydroxy, amino and carboxyl) of biopolymers, leading to the
enhancement of biopolymers solubilization and hydrophobicity, which
reduced electrostatic repulsion of sludge, improving sludge dewatering
and rheological properties. In terms of hydrothermal treatment, the EPS
transformation showed two-stage reactions. At 70–120 ◦ C, production of
hydrophilic functional groups (hydroxy, amino and carboxyl) in bio
polymers increased electrostatic repulsion and EPS hydrophily of
sludge, subsequently resulting in the deterioration of sludge dewater
ability and fluidity. Whereas, when the temperature was exceeded 120
◦
C, the macromolecular organic matters hydrolyzed completely and
participated in Maillard reaction, and electrostatic repulsion of sludge
decreased, thus resulted in the improvement of sludge dewaterability
and fluidity. In addition, the polysaccharides and the HAs could bind to
the protein amide band via hydrogen bonds and hydrophobic actions,
which can enhance the protein stability subject to temperature
variation.
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