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This study investigated the synergetic effect of the combined calcium peroxide (CaO2) and
microwave (MW) treatment on waste active sludge dewatering properties and organic
contaminants’ removal. The optimal sludge dewaterability was obtained at CaO2 (20 mg/
gVSS)/MW (70°C), and the capillary suction time decreased by 52% compared with raw
sludge. Further investigation indicated that total extracellular polymeric substances (EPS),
tightly bound EPS, total protein, and protein present in tightly bound EPS were closely
correlated with sludge dewaterability. Tryptophan, aromatic protein–like substances and
humic acid–like substances were the key compounds that affect sludge dewaterability.
The charge neutralization and bridge effect of cation ions were strengthened when
combined with MW irradiation. In addition, it was revealed that MW facilitated CaO2 to
produce more hydroxyl and superoxide anion radicals. This study confirmed CaO2/MW to
be an effective way to improve sludge dewatering and remove organic pollutants from
sludge.

Keywords: calcium peroxide/microwave (CaO2/MW), filterability, advanced oxidation technology, organic
pollutants, reactive oxygen species (ROS)

INTRODUCTION

The growing population and rising requirement for human activities have caused an increased yield
of waste-activated sludge with high moisture content in wastewater treatment plants (WWTPs) in
recent years (Liu et al., 2021). Treatment and disposal of sludge accounts for about 60% of the
operating cost of WWTPs, which has become a critical issue (Kim et al., 2016; Liu et al., 2017).
Dewatering is an important step in sludge treatment because proper dewatering can reduce the
volume of sludge, thus reducing the cost of sludge transportation and disposal (Cao et al., 2021;
Anjum et al., 2016). Therefore, it makes a strong economic incentive itself to improve the sludge
dewaterability. In order to enhance sludge dewaterability, various treatment methods (e.g., chemical,
physical, and biological) have been commonly applied, which can be used either separately or in
combination (Cao et al., 2021; Kim et al., 2016; Liu et al., 2017; Akgul et al., 2017; Zheng et al., 2017).

Besides, a large number of organic pollutants in the sewage will be transferred to the sludge in the
process of sewage treatment, which would result in the discharge of secondary pollutants during sludge
disposal (e.g., incineration, composting, landfill, and agricultural utilization) (Li et al., 2015; Dubey et al.,
2021; Lü et al., 2021). Common organic pollutants in sludge include not only traditional persistent organic
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pollutants (e.g., insecticide, polycyclic aromatic hydrocarbons, dioxin,
and polychlorinated biphenyls) but also emerging contaminants (e.g.,
pharmaceuticals), endocrine-disrupting chemicals (e.g., poly
brominated diphenyl ethers) (Zhang A. et al., 2015; Li et al., 2015;
Dubey et al., 2021). Several studies have reported the possible threats
for the environment derived from the agricultural use of sludge that
contains toxic organic pollutants (Guo et al., 2020; Lü et al., 2021). For
the purpose of fulfilling the requirements of the Environmental
Protection Agency, sludge must be strictly disinfected prior to
agricultural use or other final disposal (Lü et al., 2021). Recently,
advanced oxidation processes (AOPs) have attracted much attention
due to their excellent removal effect of organic pollutants in sludge
(Qian et al., 2015; Wang and Li, 2016; Dubey et al., 2021). Some
research has been done on the effect of AOPs on sludge treatment,
whose result suggests that AOPs can be used as a highly efficient and
environmentally friendly method for sludge processing (Zhang A.
et al., 2015; Li et al., 2015; Dubey et al., 2021).

Calcium peroxide (CaO2) is a kind of solid inorganic peroxide
compound with wide application, environmental friendliness,
and safety, which can be considered as the “solid form” of
hydrogen (H2O2) (Northup and Cassidy, 2008; Xu et al.,
2020). CaO2 can gradually release H2O2 in humid
environment, so as to maintain stable and continuous
oxidation ability (Eq. 1) (Lu et al., 2017). H2O2 will produce
hydroxyl radical (•OH) after obtaining a single electron (Eq. 2);
hydroperoxyl (HO2•) and superoxide (•O2

−) may also form in
the system (Eqs. 3, 4) (Northup and Cassidy, 2008; Lu et al.,
2017).

CaO2 + 2H2O→H2O2 + Ca(OH)2 (1)

H2O2 + e− → ·OH +OH− (2)·OH +H2O2 →H2O +HO2· (3)

HO2·→ ·O−
2 +H+ (4)

Nowadays, the use of CaO2-based AOPs in sludge treatment is
a new and promising technique and has attracted increasing
amount of attention (Li et al., 2015; Qian et al., 2015; Chen et al.,
2016; Ping et al., 2018). CaO2 can be used as an effective method
to oxidize organic pollutants and to facilitate sludge reuse (Xu
et al., 2020). Researches have also demonstrated that CaO2 has
superior performance in improving sludge dewatering (Chen
et al., 2016; Wu and Chai, 2016). The rupture of the
hydrophilic functional group caused by radical oxidation and
the high bind affinity of calcium ions (Ca2+) with extracellular
polymeric substances (EPS) have been confirmed to be a
contributing factor to the enhancement of sludge
dewaterability (Chen et al., 2016; Wu and Chai, 2016; Wu
et al., 2018). However, the enhancement of sludge dewatering
properties is limited with single CaO2 treatment (Chen et al.,
2016). Research has shown that both ferrous iron and
montmorillonite can catalyze the formation of •OH from
CaO2, thus exhibiting synergistic effects on enhancing sludge
dewaterability (Amina et al., 2018; Wu et al., 2018). Chen et al.
(2016) opined that the combination of CaO2 and chemical
flocculation exhibits superior performance in sludge
dewatering performance. This may be due to the fact that the
existence of CaO2 promotes the transformation of bound water to

free water. Therefore, the combined technology provides a
valuable research direction for the research of sludge
treatment based on CaO2 in the future (Zheng et al., 2019).

In recent years, microwave (MW) irradiation has been widely
used as an efficient and environmentally friendly sludge
treatment method. Its main advantages are high efficiency,
good selectivity, low cost, and strong controllability (Yu et al.,
2009; Liu et al., 2016; Jiang et al., 2021). Our preliminary studies
showed that the application of the combined treatment of CaO2

and MW is an efficient technique for sludge reuse (Wang and Li,
2016). MW irradiation promoted the production of •OH from
CaO2, thus improving the oxidation effect of CaO2. This
combination can reduce the dosage of chemicals and improve
the resource utilization effect of sludge (Wang and Li, 2016).
However, the performance of CaO2/MW treatment on sludge
dewaterability and organic pollutants’ removal remain less
studied, and it is meaningful to study whether there is synergy
in these processes.

This study focused on exploring the practicality of combined
CaO2 and MW treatments on improving WAS dewatering
performance and the organic pollutants’ degradation. Capillary
suction time (CST) was characterized to evaluate sludge
dewatering performance. The relationship between sludge
disintegration degree and EPS fractions of CST was
established. The influence of Ca2+ on surface charge of sludge
flocs was assessed. Three-dimensional excitation–emission
matrix (EEM) fluorescence spectroscopy, Fourier-transformed
infrared (FTIR) spectroscopy, was also performed to allow a
better understanding of the possible mechanisms of sludge
dewatering. Electron paramagnetic resonance (EPR)
spectroscopy combined with radical scavenging was conducted
for radical identification and evaluation of the main functional
reactive oxygen species (ROS). Increasing knowledge on sludge
dewaterability and toxic pollutants’ removal will provide
theoretical basis for the development of innovative
technologies in sludge treatment field.

MATERIALS AND METHODS

Chemicals
CaO2 (80%) and spin trap 5, 5-dimethyl-1-pyrroline-N-oxide
(DMPO) were purchased from Fisher in the United States.
Isopropanol (IPA, C3H8O, 99%) and chloroform (CF, CHCl3,
99%) were bought from Aladdin Reagent Co. Ltd (Shanghai,
China). Other chemicals involved in this research were of
analytical grade and purchased from Sinopharm Chemical
Reagent (Shanghai, China).

Physical and Chemical Properties of Sludge
The raw sludge sample was collected from the secondary
sedimentation tank of a large sewage treatment plant in
Shanghai, China. The plant adopts the anoxic–oxic process to
treat wastewater of 75,000 m3/d, with service population of
200,000. The sludge is filtered by a 1-mm × 1-mm screen and
precipitated at 4°C for 24 h before use. The physical and chemical
properties of the concentrated sludge were tested (Table 1).
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Sludge Treatment
This batch test was performed in a batch of 1 L glass bottles, and
the volume of sludge added was 500 ml. Microwave processing
was conducted with a microwave apparatus (Galanz, P70D20 TL-
D4, China). For CaO2/MW treatment, before MW irradiation,
appropriate amount of CaO2 (10, 20, 30, 40, and 50 mg/gVSS)
was added, after which sludge samples were heated to the target
temperatures (40, 50, 60, 70, 80, and 90°C) and placed in an air-
bath shaker (200 rpm). Since CaO2 was dissolved slowly in water
and could keep oxidation state for a long time, the sampling time
was selected at 12 h according to the instructions provided in Li
et al.’s article (Li et al., 2015). The sludge samples without any
treatment were used as control. All the tests were conducted in
parallel.

Analytical Methods
Analysis of Sludge Properties
Capillary suction time (CST) was detected by a 304M (Triton,
England) to determine the dewatering ability of the sludge; zetal
potential was measured by Zetasizer Nano ZS instrument
(Malvern Instruments Ltd. Co., United Kingdom); chemical
oxygen demand (COD), total solids, volatile suspended solids,
and total suspended solids were measured referring to the
standard method (APHA, 2005). DDSCOD is the ratio of the
increment of soluble COD (SCOD) in the CaO2/MW treatment
group to the biggest increment of SCOD, which can be calculated
with the following formula:

DDSCOD(%) � SCOD − SCOD0

TCOD − SCOD0
× 100, (5)

where TCOD represents the total COD in raw sludge, SCOD0

represents the soluble COD in raw sludge, and SCOD represents
the soluble COD in the CaO2/MW treatment group.

Analysis of Extracellular Polymeric Substances
EPS was extracted from raw sludge and digested sludge by the
process adopted by Niu et al. (2013). Dissolved organic carbon
was determined by using the total organic carbon analyzer (TOC-
L, SHIMADZU Inc., Japan). Proteins were measured with the
modified Lowry method (Frølund et al., 1996), and
polysaccharides were determined with the phenol–sulfuric acid
method (Gerhardt et al., 1994). The fluorescence spectra were
measured using a fluorescence spectrophotometer (F-4500,
Hitachi, Japan). The excitation range was 200–400 nm, and the

emission was 220–550 nm. The scanning rate is 12, 000 nm/min,
and the excitation and emission slit bandwidths are 5 nm. The
data were processed with Origin 8.0. The extracted EPS was
freeze-dried by a lyophilizer (FD-1A-50, Beijing Boyikang
Laboratory Instruments Co., Ltd., China) and was then
analyzed by FT-IR (Nicolet 5,700, Thermo Nicolet Co.,
United States) in the wavelength range of 400–4,000 cm−1,
with the resolution of 2 cm−1 and the scanning times of
64 scans/min.

Analysis of Organic Contaminants
The sludge samples were freeze-dried and then dissolved in a
mixture of methanol and acetate buffer solution (pH 5.0), treated
with ultrasound for 30 min, and separated by centrifugation. This
operation is repeated three times. The supernatant was filtered
through 0.45 μm filter membranes and was then extracted with
dichloromethane under neutral (pH � 7), acidic (pH � 2), and
alkaline (pH � 12) conditions. The next step was to dry the
supernatant with anhydrous sodium sulfate and concentrate the
supernatant in a water bath at 38°C. The samples were analyzed
by Agilent 7890A-5975C GC/MS (Agilent, United States) to
identify organic species. The carrier gas was helium, and the
products were separated by a fused-silica capillary column
(30.0 m × 0.25 mm × 0.25 m, HP-5MS). The column
temperature was controlled at 4°C for 3 min, which was then
heated to 300°C in 30°C/min increments and lasted for 5 min.

Analysis of Reactive Oxygen Species
Free radicals were detected by electron paramagnetic resonance
(EPR) using an ESP300 (Bruker, Germany). Spin trap 5, 5-
dimethyl-1-pyrroline-N-oxide (DMPO) was selected as a spin
trap. FeSO4(NH4)2SO4 (1.0 mmol/L, 5 μl), phosphate-buffered
saline (50 mmol/L, pH � 7.4, 5 μl), DMPO (0.9 mol/L, 5 μl),
and 5 μl sludge samples were mixed together, and then
measured immediately. IPA and CF were used as scavenger
for •OH and •O2

−, respectively (Amina et al., 2018).

Correlation Analysis
SPSS software (SPSS version 19.0, SPSS Inc.) was employed to
analyze the sludge dewaterability and its influencing factors.
Pearson’s correlation coefficient (R) was used to evaluate the
linear correlation between two parameters. R ranges between −1
and +1, with −1 denoting completely negative correlation, +1
means completely positive correlation, and 0 means no
correlation. Within the 95% confidence interval, the
correlation was considered statistically significant (p < 0.5).

RESULTS AND DISCUSSION

Effect of CaO2/MW Treatment on Sludge
Dewatering Performance
Effect of CaO2 Dosages and MW Temperature on
Sludge Dewatering
The change of sludge dewatering performance under different
CaO2 dosages and MW temperature was investigated (Figure 1).
Both CaO2 doses and MW radiation impact the CST values. The

TABLE 1 | Physical and chemical properties of raw sludge.

Parameters Mean valuea

pH 6.88 ± 0.10
TS (total solid) (mg/L) 4,960 ± 210
VSS/TSS 0.61 ± 0.02
Total protein (as COD, mg/L) 1870 ± 112
Total carbohydrate (as COD, mg/L) 373 ± 25
SCOD (soluble chemical oxygen demand) (mg/L) 89 ± 7
CST (capillary suction time) (s) 47.1 ± 4
Zeta potential −13.4 ± 1.2

aData are shown as arithmetic mean of three replicates ± standard deviation.
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combination of proper CaO2 dosages and MW temperature
presents synergetic effect on improving sludge dewatering
behaviors. The optimal dehydration performance was at a
CaO2 dosage of 20 mg/gVSS with MW temperature of 70°C.
The CST value reduced by 52% compared with the raw sludge.

The test with single CaO2 at room temperature shows that the
CST decreased from 47.1 to 44.2, 39.3, 36.1, and 42.1 s at the
CaO2 dosages of 10, 20, 30, and 40 mg/gVSS, respectively,
whereas at the CaO2 dosage of 50 mg/gVSS, the CST again
increased to 50.2 s. The results were in line with the results of
the research done by Chen et al. (2016), in no enhancement of
filtration performance at lower CaO2 dosages due to the weak
oxidation, and in which the dewaterability destroyed at higher
CaO2 dosages due to the release of excess EPS. Tests with a single
MW treatment show that when the temperature was under 60°C,
the CST values decreased as the temperature increased. However,
when the temperature increased above 60°C, the CST value
increased gradually and even exceeded that of the raw sludge.
This result is corroborated by Yu et al. (2009), who found that
there is appropriate microwave energy that could enhance the
sludge dewatering performance. One of the possible explanations
for this phenomenon is that the sludge flocs, which are reservoir
of water, are decomposed into smaller fragments and turn bound
water into free water. The damage of dewaterability under MW
treatment over 60°C could be ascribed to the disruption of the
sludge structure and the formation of fine particles (Yu et al.,
2009; Liu et al., 2016). The hybrid treatment witnessed that at the
CaO2 dosages of 10, 20, 30, and 40 mg/gVSS, CST values slightly
decreased until the temperature elevated to 60, 70, 60, and 50°C,
respectively, after which the CST values gradually increased. At
the CaO2 dosage of 50 mg/gVSS, the CST values increased
gradually from 49 to 79 s with the elevation of MW
temperature. It suggests that when CaO2 dosage is between 0
and 40 mg/gVSS, there is a suitable MW temperature which
would lead to optimal dewatering performance; however, when
CaO2 dosage exceeded 40 mg/gVSS, the dewatering performance
gradually worsened with the increase of MW temperature.

Effect of Disintegration Degree on Sludge Dewatering
Performance
DDSCOD reflects the dissolved amount of organic substance of
sludge. Hence, DDSCOD is closely related to sludge dewatering
performance. In general, the DDSCOD values increase with CaO2

dosages and MW temperatures (Figure 2). The study shows that
when the MW temperature increased from room temperature to
90°C, DDSCOD increased from 1.3 to 4.6%, 1.8 to 8.5%, 2.5 to
11.2%, 3.6 to 14.1%, 5.3 to 19.9%, and 8.6% to 24.1 at CaO2

dosages of 0, 10, 20, 30, 40, and 50 mg/gVSS, respectively.
According to previous studies, both MW and CaO2 treatments
were capable of disintegrating the sludge structure and microbial
structure, and the combination of MW and CaO2 treatment
synergistically improved the disruption of sludge flocs (Wang
and Li, 2016).

The optimal sludge dewatering performance was observed at
DDSCOD of 4.8, 5.3, 7.6, and 8.3% at the treatment conditions of
CaO2 (10 mg/gVSS)/MW(60°C), CaO2 (20 mg/gVSS)/
MW(70°C), and CaO2 (30 mg/gVSS)/MW(60°C), with the
corresponding CST values being 30, 22.6, and 24.2 s,
respectively. Similar results were observed in other studies that
an appropriate degree of sludge decomposition was crucial to
sludge dewaterability (Yu et al., 2009; Chen et al., 2016). The
correlation of disintegration degree and sludge dewaterability was

FIGURE 1 | Effect of microwave temperature and CaO2 dosage on
capillary suction time.

FIGURE 2 | Effect of microwave temperature and CaO2 dosages on
sludge disintegration degree.

TABLE 2 | Pearson correlation coefficients between CST and DDSCOD at different
CaO2 dosages.

CaO2 dosages (mg/gVSS) R p

0 −0.16341 0.72628
10 −0.06253 0.89406
20 −0.41182 0.35861
30 0.47306 0.28366
40 0.80313a 0.02961
50 0.93291a 0.00216

aSignificant correlation between CST and DDSCOD.
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also reflected by Pearson’s correlation between DDSCOD and CST
(Table 2). It indicates that the DDSCOD was closely related to the
dewatering performance at the CaO2 dosages of 40 and 50 mg/
gVSS. Yet when CaO2 dosages were lower than 40 mg/gVSS, there
appeared no correlation with DDSCOD and CST, which suggests
that it is some other factors that are influencing sludge
dewaterability. Because of its superior performance in
improving sludge dewaterability, a CaO2 dosage of 20 mg/
gVSS was determined to be the standard dosage that would be
used for further mechanism investigation.

Effects of CaO2/MW Treatment on
Extracellular Polymeric Substances
Effects of CaO2/MW Treatment Extracellular
Polymeric Substance Distribution and Composition
Many studies have shown that the composition and
concentration of EPS have an effect on sludge dewaterability
(Zhen et al., 2012; Zhang et al., 2016); therefore, this study
explored the distribution and composition of EPS in sludge.

The changes of EPS fractions, protein, and polysaccharide
concentration in different EPS fractions with the addition of
20 mg CaO2/gVSS at different MW temperatures were recorded
in Figure 3. The reason why LB-EPS and SEPS concentration
increased gradually with MW temperature might be the
conversion of TB-EPS (Zhang et al., 2016). However, the total
EPS (sum up of TB-EPS, LB-EPS, and SEPS) and TB-EPS content
decreased first until the MW temperature elevated to 70°C. The
variation of extracted total EPS is a synchronized process of
generation and degradation (Li et al., 2016). The generation was
mainly obtained by the intracellular substances in microbial cells.
The visual results of the BacLight test (Figure 4) showed that the
proportion of living cells to total cells was 81.8% in the raw sludge,
with the addition of 20 mg CaO2/gVSS; the ratio then decreased
to 80.0, 78.8, 76.0, 74.7, 73.0, 71.6, and 70.1% at room
temperature, 40, 50, 60, 70, 80, and 90°C, respectively. It can
be implied from the results that CaO2/MW treatment not only
accelerates the disruption of EPS but also facilitates microbial cell
lysis. The organic matter in cells could be released into the
aqueous phase, leading to the enhancement of EPS monitoring

FIGURE 3 | Variations of EPS concentration treated with 20 mgCaO2/gVSS and different MW temperatures: (A) TOC concentration of the SEPS, LB-EPS, and TB-
EPS; (B) protein content in SEPS, LB-EPS, and TB-EPS; (C) polysaccharide content in SEPS, LB-EPS, and TB-EPS.
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quantity. The degradation is achieved by the chemical oxidation
of CaO2 (Chen et al., 2016), but according to previous
investigation, the mineralize effect of CaO2 can be neglected
compared with an abundant amount of soluble organics (Li et al.,
2015; Wang and Li, 2016). Therefore, it can be speculated that the

lower EPS content was related to the compact floc structure since
Ca2+ can compress the EPS structure through bridging and
electrical neutralization. Therefore, Ca2+ plays an important
role in the reconstruction of the sludge structure. The
reconstruct sludge flocs were more compact and difficult to be

FIGURE 4 | Photos of live–dead: (A) raw sludge; (B) 20 mgCaO2/gVSS; (C) CaO2 (20 mg/gVSS)/MW (40°C); (D) CaO2 (20 mg/gVSS)/MW (50°C); (E) CaO2

(20 mg/gVSS)/MW (60°C); (F) CaO2 (20 mg/gVSS)/MW (70°C); (G) CaO2 (20 mg/gVSS)/MW (80°C); (H) CaO2 (20 mg/gVSS)/MW (90°C).
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extracted by heating and centrifuging (Wu and Chai, 2016). The
optimal sludge dewatering performance was observed at the
lowest total EPS and TB-EPS content. The finding is according
with other reports, where it has been observed that the lower
extractable EPS is always associated with better sludge dewatering
properties (Zhang et al., 2016).

Similar results were obtained for protein in TB-EPS, LB-EPS, and
SEPS, since proteins were the largest fractions in EPS matrix
(Figure 3B). Polysaccharide content in LB-EPS and SEPS
increased gradually from 9 to 14mg/L and 15 to 21mg/L,
respectively, with the elevation of MW temperature from room
temperature to 90°C. However, those in TB-EPS declined from 46
to 31mg/L (Figure 3C). This phenomenon indicated that the higher
MW temperature facilitated the transformation of polysaccharides in
TB-EPS to the filtrate and LB-EPS. The changes of total
polysaccharide concentration were not obvious (Figure 3C). The
different variation tendency of protein and polysaccharide may be
due to their distribution pattern in sludge, since proteins mainly exist
in the pellet, while carbohydrates distributed uniformly in sludge
component (Shao et al., 2009).

Correlation analysis was conducted to offer insights into the
correlation between the EPS compound and sludge dewatering
under CaO2 (20 mg/gVSS)/MW (70°C) conditioning (Table 3).
The Pearson’s correlation result demonstrated that CST
correlated with total EPS (R � 0.85472, p < 0.05), TB-EPS
(R � 0.93133, p < 0.01), total protein (R � 0.86304, p < 0.05),
and protein in TB-EPS (R � 0.91433, p < 0.01), while CST has no
correlation with LB-EPS, SEPS, proteins in TB-EPS, proteins in
SEPS, and polysaccharides. It implies that sludge dewaterability is
to a large extent determined by total EPS, TB-EPS, total protein,
and protein present in TB-EPS. It is due to the TB-EPS that covers
the surface of the cell that provides protection for microbial cells
insides the sludge flocs. Microbial cells and TB-EPS can bind a lot
of water, so the presence of a large number of TB-EPS and cells
will make dehydration more difficult. Therefore, TB-EPS and
microbial cell lysis are conducive to release the water trapped in
sludge into free water, thus increasing solid–liquid separation
(Zhang et al., 2016). Protein is the main component of EPS, which
is more important than polysaccharide in flocculation,
sedimentation, and dehydration of sludge (Zhen et al., 2012;
Yang et al., 2017).

Three-Dimensional Excitation–Emission Matrix
Spectra of Sludge
Different EPS components (such as SEPS, LB-EPS, and tightly
bound TB-EPS) have significant effects on bioflocculation, sludge
settling, and dewatering (Chen et al., 2016). In order to identify
the key organics related to sludge dewaterability, an EEM analysis
was conducted. Each EEM fluorescence spectrum illustrated in
Figure 5 gives some information about the compositions of EPS
mixtures. Three main fluorescent peaks could be identified in
SEPS, LB-EPS, and TB-EPS of raw sludge and treated sludge. The
first peak which happened at the excitation/emission wavelengths
(Ex/Em) of 250/320–380 (Peak A) was ascribed to aromatic
protein–like substances; the second peak identified at the Ex/
Em of 290/320–380 (Peak B) was identified to tryptophan
protein–like substances; the third peak observed at the Ex/Em
of 350/430–450 (Peak C) was referred to humic acid–like
substances (Zhen et al., 2012; Chen et al., 2016; Yang et al., 2017).

Under the optimal treatment conditions, the fluorescence
intensities of tryptophan protein–like substances and aromatic
protein–like substances in TB-EPS demonstrated a tendency to
weaken, whereas their counterpart in LB-EPS and SEPS increased
compared with raw sludge (Figure 5B). This is in agreement with the
analysis of EPS variation in Effects of CaO2/MW treatment
extracellular polymeric substances 12 distribution and composition.
The result implies that tryptophan protein–like substances and
aromatic protein–like substances play a major role in improving
sludge dewatering performance. Furthermore, under CaO2 (50mg/
gVSS)/MW(80°C) treatment conditions (Figure 5C) which led to the
poor dewatering behavior compared with the raw sludge, the
intensities of tryptophan protein–like substances and aromatic
protein–like substances in TB-EPS, LB-EPS, and S-EPS
components were all enhanced significantly compared to the raw
sludge. It is indicated that more EPS could be extracted from sludge
flocs. In addition, humic acid–like substances were also released into
EPS fractions, which was in accordance with the study of Ping et al.
(2018) where it was observed that the humic acid–like substances
were the only fluorescence products in the CaO2 group at high
temperature. The presence of these substances in EPSmay lead to the
deterioration of sludge dewatering performance since they weremore
difficult to be chemically oxidized than protein (Ping et al., 2018). The
result of this study corroborates the finding of Zhen et al. (2012), who
found that except for proteins, sludge dewatering is also affected by
humic acid substances.

Effect of Cation Ions on Sludge
Dewaterability
Surface Charge of Sludge Flocs
The variation of surface charge with zeta potential under different
treatment conditions is shown in Figure 6. The surface of untreated
raw sludge was negatively charged and the zeta potential was
−13.4 mV. The contribution of several polymeric compounds,
such as protein, polysaccharide, and humus, to the sludge-negative
surface has been reported (Yu et al., 2014). The sludge particles
repelled each other via electrostatic andmaintaining a relatively stable
state, which inhibited sludge aggregation and resulted in poor
dewatering performance (Guan et al., 2012; Yu et al., 2014).

TABLE 3 | Pearson correlation coefficients between CST and EPS components.

Parameters R p

Total EPS 0.85472a 0.01427
TB-EPS 0.93133a 0.00229
LB-EPS −0.47292 0.28383
SEPS −0.60371 −0.15117
Total proteins 0.86304a 0.01237
Proteins in TB-EPS 0.91433a 0.00394
Proteins in LB-EPS −0.61096 0.14499
Proteins in SEPS −0.53611 0.21481
Total polysaccharides −0.05100 0.91354
Polysaccharides in TB-EPS 0.45036 0.31056
Polysaccharides in LB-EPS −0.36739 0.41753
Polysaccharides in SEPS −0.51647 0.23531

aSignificant correlation between CST and EPS fraction.
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Surface charge of sludge was significantly affected by CaO2 and MW
temperature. Without the addition of CaO2, the variation of zeta
potential was not obvious, whereas in the presence of the addition of
20mgCaO2/gVSS, with the increase of temperature, the zeta potential
increased gradually and then decreased at the turning point of 70°C.
The less negative charge was mainly due to the electrostatic
neutralization of calcium ions (Yu et al., 2014; Wu and Chai,
2016). As the charge inside the sludge is not reachable, the flocs’
disruption and cell lysis caused by MW and CaO2 treatment transfer
the function groups from the particle components to the soluble
phase, which providesmore binding sites for Ca2+ (Guan et al., 2012).
According to the DLVO theory, the decrease of zeta potential is
usually accompanied by a compressed electric double layer (Li et al.,
2012). The compression of the double electric layer leads to the
decrease of the interface water. Hence, in addition to releasing
interstitial water through sludge disintegration, CaO2 can also
convert interface water into bulk water by neutralizing the zeta
potential and diluting the electric double layer (Wu and Chai,

2016). The subsequent increase of surface charge was likely a
result of the emergence of more negative charged groups by
further cleavage of the sludge structure (Yu et al., 2014). This also
well interprets the variation of EPS in Figure 3. The optimum
dehydration occurred at the minimum zeta potential values of
0.8mV. The result is also in line with the previous literatures (Li
et al., 2016).

FTIR Spectra of Extracellular Polymeric Substances
The interaction between Ca2+ and sludge flocs can be analyzed by
FTIR. The FTIR spectrum of EPS extracted from raw sludge and
treated sludge is illustrated in Figure 7. The FTIR spectrum can be
divided into six main regions, which are connected with many
functional groups: 3350−3390 cm-1 represents the O−H groups
stretching vibrations present in polymeric substances; 2910-2930
and 2850-2860 cm-1 proved the appearance of aliphatic chains
present in polysaccharides, proteins, and humus; 1,650–1,660 cm−1

can ascribed to the stretching vibrations of C�O and C�C of amidesⅠ;

FIGURE 5 | Excitation–emission matrix fluorescence spectra of the different extracellular polymeric substance (EPS) fractions: (A) raw sludge; (B) sludge treated by
CaO2 (20 mg/gVSS)/MW(70°C); (C) sludge treated by CaO2 (50 mg/gVSS)/MW(80°C).
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1,540–1,560 cm−1 was due to the N−H stretches in −CO−NH of
amidesⅡ; 1,390–1,410 cm−1 was ascribed to O−H plane variable angle
vibration and C−O tensile vibration of phenols; 1,050–1,060 cm−1

(O−H groups) represents the characteristic absorption peak of
polysaccharides (Guan et al., 2012; Chen et al., 2016; Yang et al., 2017).

The vibration of characteristic bands is listed in Table 4. The
transformation of O−H and O−H stretching vibration indicates
that H+ is replaced by Ca2+ (Guan et al., 2012). In addition, Ca2+

could react with functional groups in protein, resulting in the shift
of C−N and N−H vibration (Guan et al., 2012). This interaction
can precisely reduce the charge of flocs, as described in Surface
charge of sludge flocs. The transformation of bands in CaO2/MW-
treated sample was more obvious than that of single CaO2

treatment sample, indicating that the MW treatment
strengthened the interaction between Ca2+ and protein. The
vibration of C−O−C stretches and C−OH vibrations that
originated from polysaccharides were not obvious in the
presence of CaO2, implying that the bridging between Ca2+

and protein plays a dominating role in the dehydration process.

Effect of CaO2/MW on Organic Pollutants
Removal Efficiency of Organic Pollutants
Since the presence of organic pollutants in sludge causes further
concerns for sludge management, the removal of these substances in
sludge has important environmental significance (Li et al., 2015;
Dubey et al., 2021; Lü et al., 2021). The organic contaminants detected
in different sludge samples are listed in Table 5. The total number of
species detected in this study was 33, only 12 of which were the same
as those that had been detected by the previous study (Li et al., 2015).
The newly found organic components mainly originate from PPCPs
(e.g., cimetidine, muskone, and estriol), which have attracted more
attention from scholars due to their threats to environment and
human health (Zhang X. et al., 2015). Other organic components
mainly originate from interior decoration material (e.g., benzene and
benzyl alcohol) and pesticides (e.g., methylbenzene). These organic
substances have different levels of toxicity, limiting the sludge recycle
and disposal.

Twenty-seven kinds of organic substances were detected in raw
sludge, which increased to 31 after MW irradiation. This might be
due to theMW treatment that promoted disintegration of sludge and
the collapse of sludge flocs that accelerated the release of organics
adsorbed and entrapped in the sludge mixtures. However, the
quantity of organic species decreased to 19 and 13 under the
treatment of CaO2 and CaO2/MW, respectively. This means that
CaO2 is efficient for the removal of organic pollutants, and the
removal efficiency further improved when combined with MW
irradiation. Therefore, CaO2/MW treatment makes a promising
method for the removal of organic pollutants and facilitated the
subsequent sludge treatment and disposal.

Analysis of Reactive Oxygen Species
TheEPR techniquewas adopted to clarify the degradationmechanisms
of organic contaminants. DMPO is a common spin probe that can trap
•OH or superoxide anion radicals (•O2

−) to produce DMPO-OH
(quartet EPR signal) or DMPO-OOH (sextet EPR signal) spin adduct
(Lipovsky et al., 2012; Zhou et al., 2019; Zheng et al., 2019). The ROS
present in single CaO2 and the hybrid CaO2/MW-treated sludge
samples are presented in Figure 8. Both DMPO-OH and DMPO-
OOH spin adduct were observed in CaO2/MW-treated sludge samples
(Figure 8B), while only DMPO-OH spin adduct was obtained in
CaO2-treated sludge samples (Figure 8A). It is believe that MW can
promote the generation of •OH radicals from CaO2, because the peak
strength of DMPO-OH in the CaO2/MW group is higher than that of
DMPO-OH in the CaO2 group. This is consistent with our previous
study that MW irradiation can facilitate CaO2 to produce more •OH
radicals (Wang and Li, 2016). Since DMPO-OOH spin adduct is
unstable and can decompose to DMPO-OH spin adduct (Wang and
Li, 2016), it is uncertain whether the spectrum presented in Figure 8A
increased from the production of •O2

− or/and •OH.Thus, IPA andCF
were used to scavenge •OH and •O2

−, respectively. As shown in
Figure 8C, the existence of IPA abolished the quartet signal, while the
influence of CF on the quartet signal can be neglected. This suggests
that due to the scavenging ability of sludge and the expeditious

FIGURE 6 | The effect of CaO2 and MW temperatures on zeta potential.
FIGURE 7 | Fourier-transform infrared spectra of raw sludge, CaO2

(20 mg/gVSS) treated sludge, and CaO2 (20 mg/gVSS)/MW (70°C) treated
sludge.
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changing of •O2
−, the concentration of •O2

− produced by CaO2 alone
was not enough to be detected by DMPO. However, MW irradiation
can improve the •O2

− production by CaO2 and present an obvious
DMPO-OOH spin adduct signal in Figure 8B.

According to previous studies, •OH radical is the main functional
ROS that is generated from CaO2 for organic substances degradation
(Li et al., 2016; Zhang et al., 2018). There are many pathways for •OH
to react with organic contaminants (e.g., mechanical

TABLE 4 | Main shifts of raw sludge and sludge treated by CaO2 and CaO2/MW.

No Band position (cm−1) Assignment

Raw sludge Treated by CaO2 Treated by CaO2/MW

1 3,370 3,380–3,390 3,350–3,380 O−H stretching vibration
2 2,930 2,920 2,910 aliphatic C−H stretching
3 2,850 2,850 2,860 aliphatic to protein and aromatics
4 1,650 1,650 1,660 C�O stretch related with proteins and C�C
5 1,540 1,540 1,560 N−H and C−N stretches in −CO−NH of protein
6 1,410 1,400 1,390 O−H plane variable-angle vibration and C−O stretching vibration of phenols
7 1,050–1,060 1,050 1,050 C−O−C and C−OH vibrations originate from polysaccharides

TABLE 5 | Organic pollutants detected in different sludge samples.a

No Species CAS Molecular
formula

Previous
studyb

Raw sludgec MWc CaO2
c MW/

CaO2
c

1 Furfuryl alcohol 98-00-0 C5H6O2 + + — — +
2 Indole 120-72-9 C8H7N + + +
3 Octadecane 593-45-3 C18H38 + + + +
4 Benzene 71-43-2 C6H6 + + + + +
5 Methylbenzene 108-88-3 C7H8 + + + +
6 Phenethyl alcohol 60-12-8 C8H10O + + +
7 Benzyl alcohol 100-51-6 C7H8O + + + + +
8 N-Methyl pyrrolidone 872-50-4 C5H9NO + + + +
9 Methylcyclopentane 96-37-7 C6H12 + + +
10 Acrylamide 79-06-1 C3H5NO + + + +
11 Lauric acid 143-07-7 C12H24O2 + + +
12 1-Nonadecene 18,435-

45-5
C19H38 + + — + —

13 Oxirane 3,101-60-8 C13H18O2 — + + + —

14 2-Ethylhexanol 104-76-7 C8H18O — + + + +
15 Acetaldehyde 75-07-0 C2H4O — + + + —

16 Citronellal 106-23-0 C10H18O — + + —

17 3-Methylpyridazine 1,632-76-4 C5H6N2 — — + + —

18 Cyclopropanecarboxamide 6,228-73-5 C4H7NO — + + +
19 P-hydroxyanisole 150-76-5 C7H8O2 — + +
20 Benzeneacetic acid 103-82-2 C8H8O2 — + + + +
21 Phenol 108-95-2 C6H6O — +
22 Acetaldehyde 75-07-0 C2H4O — + + + +
23 Muskone 956-82-1 C16H30O — + +
24 Roxithromycin 80,214-

83-1
C41H76N2O15 — + + + +

25 Diethyl phthalate 84-66-2 C12H14O4 — + + + —

26 Estriol 50-27-1 C18H24O3 — + + —

27 Cimetidine 51,481-
61-9

C10H16N6S — + + + +

28 Doxycycline 564-25-0 C22H24N2O8 — + + +
29 Acetylsalicylic acid 50-78-2 C9H8O4 — + + +
30 Salicylic acid 69-72-7 C7H6O3 — + + + —

31 Linear-alkylbenzenesulfonic acid 42,615-
29-2

C18H30O3S — + + — —

32 Tetracycline 60-54-8 C22H24N2O8 — + + + —

33 Triamcinolone acetonide 76-25-5 C24H31FO6 — — + — —

Total frequency — — 12 27 31 19 13

aThe occurrence of organic pollutants were detected in 10 parallel samples.
bOur previous study refer to references Li et al. (2015).
cThe occurrence of organic pollutants in raw sludge, sludge treated by MW (70°C), sludge with the addition of 20 mg/gVSS CaO2, and sludge treated by MW (70°C)/CaO2 (20 mg/gVSS).
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oxidation–reduction reaction, radical chain reaction, and hydrogen
atom transfer). Through these reactionways, organic pollutants can be
degraded or produce less toxic intermediates (Qian et al., 2015; Amina
et al., 2018; Zhang et al., 2018). Furthermore, MW irradiation can
facilitate CaO2 to generate more •OH and •O2

− radicals, so the
oxidation capacity of CaO2 is improved. The combined CaO2 and
MWtreatment can decompose a variety of organic pollutants in sludge
and reduce the potential environmental risks in sludge reuse. In
conclusion, CaO2/MW pretreatment improves sludge dewatering,
reduces sludge volume, and reduces the cost of transporting sludge
to the final disposal site. Therefore, CaO2/MW pretreatment can be
used as an effective method in practical applications.

CONCLUSION

Combined CaO2 andMW treatment can synergistically enhance
sludge dewaterability. The optimal dewaterability was obtained
at CaO2 (20 mg/gVSS)/ MW (70°C). Under these conditions, the
capillary suction time decreased by 52% compared with the raw
sludge. Total EPS, LB-EPS, total protein, and protein in LB-EPS
were closely related to the sludge dewaterability. When
combined with MW, Ca2+ produced better performance in
compressing sludge flocs via bridge and charge
neutralization, contributing to the improvement of sludge
filtration properties. MW irradiation facilitates the

production of •OH and •O2
− radicals by CaO2, thus

improving the removal efficiency of organic contaminants.
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FIGURE 8 | Electron paramagnetic resonance spectra of sludge samples under different treatment conditions.
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