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Wastewater sludge is mainly comprised of microorganisms and extracellular polymeric substances (EPS). The
gel-like network structure of EPS traps bound water, resulting in poor dewaterability of sludge. In this work, the
thermally activated persulfate (TAP) oxidation was used in sludge treatment to improve dewaterability. The
transformation of proteins and phosphorus were systematically investigated to understand the mechanisms of
•
•
sludge conditioning with TAP at molecular levels. The results showed that TAP oxidation produced SO-4 and OH
radicals which decomposed the macromolecular proteins, causing uncoiling of protein secondary structures and
exposure of inner hydrophobic sites. The polypeptide, amino acid, and ammonia nitrogen were generated, and
sludge dewaterability was enhanced. A mechanism was proposed to explain the synergistic effects of thermal
hydrolysis and TAP oxidation on the transformations of nitrogen and phosphorus containing biopolymers.
Furthermore, 30%-100% of antibiotics were degraded in TAP treatment. TAP performed well in macrolide and
tetracycline degradation (>80%), while most of quinolone antibiotics were more refractory to oxidation.

1. Introduction
Biochemical treatment of wastewater produces a large amount of
excess sludge, rendering the treatment and disposal of waste sludge a
great challenge. Mechanical dewatering is a common approach to
reduce sludge volume and associated costs of storage, transportation and
disposal. Sludge mainly consists of microorganisms, extracellular poly
meric substances (EPS) and organic fraction (phosphate and minerals),
among which EPS usually accounts for 60 ~ 80% of the total sludge
biomass and is in the form of gel-like network structure that traps bound
water and results in poor sludge dewaterability [2,26,34].
Sludge contains many nutrient substances (organic matters, nitrogen
and phosphorus, etc.), but the harmful pollutants restrict the recycling
and safe disposal (especially land application) of sludge. Antibiotics
have been widely applied in medicine, animal husbandry and aquacul
ture, the residual antibiotics in feces and sewage are collected into
sewage plants. Most of them show low biodegradability and eventually

accumulated in the sewage sludge. However, the common sludge
treatment techniques (anaerobic digestion and aerobic composting)
have limited antibiotic degradation capacities [9,18,19,28,29]. The re
sidual antibiotics in sludge enter into soil could cause the generation of
antibiotic resistance genes and other environmental problems.
Advanced oxidation processes (AOPs) can generate active radicals to
destruct EPS structure and disrupt rigid cell membranes of sludge [3].
Chemical oxidation including hydrogen peroxide and persulfate has
been demonstrated to improve the sludge dewaterability. The thermalH2O2 system achieved similar solubilization of organic matters and
better dewaterability of sludge at lower temperatures than those ob
tained with hydrothermal (HT) conditioning, however, the system still
required high activation temperature [1]. In contrast, persulfate is a
strong oxidant with stable properties at room temperature. The acti
•
vated persulfates can generate sulfate radicals (SO-4 , E0=+2.01 V, Eq.
•
(1)) and hydroxyl radicals ( OH, E0=+1.8 ~ 2.7 V, Eq. (2)) [43]. Main
ways of persulfates activation include thermal activation [24], UV
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photolysis [15,37], ultrasound activation (Bian et al., 2021), and tran
sition metal catalysis [25]. The mechanism of iron-activated persulfate
oxidation has been widely studied. Fe(II)-peroxymonosulfate system
was found to improve sludge dewaterability by decomposing proteins
and destroying EPS structures to release bound water [25]. In addition,
the comparison of Fe0 and Fe2+ activated persulfate conditionings
showed that rapid passivation of Fe0 suppressed the efficiencies of Fe0
dissolution and Fe2+ generation, resulting in a weaker oxidation effi
ciency [41]. In contrast, the solubilization effect of thermally activated
persulfate (TAP) treatment enhances sludge dewatering performance.
The comparison of thermally activated peroxymonosulfate and perox
ydisulfate oxidations showed that peroxymonosulfate had better dew
atering performance than peroxydisulfate [24]. TAP treatment could
alter protein conformation of EPS, and its reaction temperature had
more impact than oxidant dosage on sludge dewaterability [33]. How
ever, the biopolymer transformation pathway and its effects on sludge
dewatering behavior in TAP treatment is unclear. It is well known that
TAP could effectively degrade antibiotics, medicinal ingredients, and
pesticides [10,16,17]. Therefore, TAP oxidation is expected to syn
chronously enhance sludge dewatering performance and remove the
harmful pollutants, which is very promising in sludge treatment.
S2 O8 2− ̅→ 2SO4 − ∙

(1)

2SO4 − Â⋅ + H2 O→Â⋅OH + SO4 2− + H +

(2)

Heat

2.3. Analytical methods
2.3.1. Dewaterability assessments of sludge
Capillary suction time (CST): CST of sludge was measured by a CST
instrument (304B, Triton). The CST values were normalized as CSTn
against the sludge concentrations.
Specific resistance to filtration (SRF): SRF was measured by a selfdesigned multi-coupled measuring device [31], and SRF of sludge was
calculated by:
SRF =

2PA2 b
μw

(3)

Where SRF is the specific resistance to filtration (m/kg), P is the filtra
tion pressure (N/m2), A is the filtration area (m2), μ is the viscosity of the
filtrate (N s/m2), w is the mass of the cake solids per unit volume of
filtrate (kg/m3), and b is the slope of the filtrate discharge curve (s/m6).
The sludge cakes after filtration were dried at 105 ◦ C for 24 h to
determine its moisture content.
2.3.2. EPS extraction and analyses
EPS extraction: First, sludge was centrifuged in a 50 mL tube at
3,000 g for 10 min. The supernatant was collected as S-EPS. Second, the
residual sediment of the first step was resuspended to its initial volume
with a 0.05% (w/w) NaCl solution. The mixture was sonicated at 20 kHz
for 20 min and centrifuged at 5,000 g for 10 min. The supernatant was
collected as LB-EPS. Finally, the residual sediment was resuspended as
before and sonicated for 30 min followed by a heating for 30 min in
water bath at 60 ◦ C. TB-EPS was separated from the tube after centri
fugation at 5,000 g for 10 min. All collected supernatants were filtered
by polytetrafluoroethylene membranes of 0.45 μm pore size prior to
analysis.
The dissolved organic carbon in supernatant was analyzed using a
total organic carbon analyzer (TOC, Teledyne tekmar). Proteins and
polysaccharides were measured by Lowry method and anthrone-sulfuric
acid method, respectively [40]. Three-dimensional excitation-emission
matrix (3D-EEM) fluorescence spectroscopy was recorded over an
excitation wavelength (EX) of 200 ~ 400 nm (5 nm bandwidth) and an
emission wavelength (EM) of 220 ~ 550 nm (5 nm bandwidth), with a
scanning speed of 12,000 nm/min (F-4600, Hitachi, Japan). High
pressure size exclusion chromatography (HPSEC) was performed ac
cording to our previous study [39], the details were shown in Text S1
(Supporting Information). HPSEC spectra were analyzed with PeakFit
software [13].

In this study, we investigated a TAP oxidation technology for the
improvement of sludge dewaterability and the transformation of
biopolymer.
The main objectives of this work were: 1) to optimize the TAP
oxidation process for sludge dewaterability improvement; 2) to study
the transformation of biopolymers in TAP oxidation process at molec
ular levels; 3) to confirm the transformation of sludge phosphorus; and
4) to evaluate the degradation efficiency and risk quotient (RQ) varia
tion of antibiotics in TAP oxidation.
2. Materials and methods
2.1. Sludge and chemical reagents
The activated sludge was sampled from the Xiaohongmen waste
water treatment plant in Beijing. The properties of raw sludge were
showed in Table S1. All reagents were analytical grades and purchased
from Sinopharm Chemical Reagent Co., Ltd in China.

2.3.3. Solid phase analyses
The Fourier-transform infrared (FTIR) spectra of freeze-dried sludge
samples (conditioned at 80 ◦ C for 20 min with 0, 0.375, 0.750, 1.125,
1.500, 1.875, 2.250, 2.625, and 3.000 mmol Na2S2O8/g TSS) were ac
quired on a Thermo Nicolet 6700 spectrometer. FTIR spectra were
recorded in a range of 4,000 ~ 400 cm− 1 and processed with “2D shige”
software [40]. The liquid phase and solid phase of sludge samples were
were freeze-dried for 48 h prior to X-ray photoelectron spectroscopy
analysis (XPS, ESCALAB 250X, Thermo Fischer, U.S). To determine the
nitrogen transformation, XPS was performed on these samples with a
70.0 eV pass energy for the broad survey scan, and a 20.0 eV pass energy
for the narrow-spectrum survey scan.

2.2. Experimental section
2.2.1. Sludge conditioning procedures
Raw sludge samples were transferred to a round flask (1L), preheated
with a rotation speed of 250 rpm, and dosed with various amount of
Na2S2O8. The reaction was stopped by immersing samples into an ice
bath. For dose optimization experiments, 500 mL of raw sludge was
preheated to 80 ◦ C with the addition of Na2S2O8 (0, 0.5, 1.0, 1.5, 2.0,
2.5, and 3.0 mmol/g TSS) for 1 h. For temperature optimization ex
periments, 500 mL of raw sludge was preheated to 50℃, 60℃, 70℃,
80℃, 90℃, and 100 ◦ Cwith 2.5 mmol/g TSS of Na2S2O8 for 1 h. For
dynamic experiments, 850 mL of raw sludge was preheated to 80℃,
with the addition of 2.5 mmol/g TSS of Na2S2O8 for 0, 5, 10, 20, 40, 60,
90, and 120 min.

2.3.4. Other analyses
Antibiotic analysis was performed using a Waters/Micromass
QqToF-MicroTM system coupled to a Waters ACQUITY UPLCLTM system
(Micromass, Manchester, UK). Chromatographic separation was ach
ieved with a Dionex Acclaim C18 HPLC column (150 mm × 2.1 mm i.d.,
5 μm, Thermo). The details of antibiotic extraction and analysis could be
found in Text S2 [6,7]. Ecotoxicological risk assessment was evaluated
in sludge by means of RQ values [21], the details were presented in Text

2.2.2. Separation of sludge phases
Sludge was centrifuged at 2000 rpm for 10 min, after which the
supernatant was collected as the liquid phase of sludge, and the residue
in tube was collected as the solid phase of sludge.
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S3. The determination of phosphorus fractions was performed according
to the Standards Measurements and Testing (SMT) method [42]. During
TAP oxidation, the reactive radicals were trapped with 5-dimethyl-1pyrrolidine N-oxide (DMPO), and characterized using electron spin
resonance (ESR). The biopolymer distribution in sludge floc was
observed with a confocal laser scanning microscopy (CLSM, Zeiss, Ger
many) using a 12 W argon ion laser source with two excitation wave
lengths of 488 nm and 514 nm, the staining method was presented in
Text S4. Sludge samples were pre-extracted (Text S5) before liquid 31P
nuclear magnetic resonance (liquid 31P NMR) measurement. NMR
spectra were obtained using a BRUKER AV400 spectrometer (BRUKER,
Switzerland), an 85% H3PO4 was used as the external standard for
chemical shift calibration [22].

Na2S2O8 dosage. CSTn and SRF were eventually stabilized at 1.42 s⋅L/g
and 6.39 × 1012 m/kg, respectively (Fig. S1(a)). The sludge cake
moisture content was significantly decreased at the Na2S2O8 dosage of
2.5 mmol/g TSS (Fig. S1(b)), thus 2.5 mmol/g TSS was determined as
the optimal Na2S2O8 dosage of TAP oxidation. As expected (Fig. S2),
evident signal corresponding to DMPO/⋅OH adduct was detected in the
ESR spectrum of thermal activated Na2S2O8 system [40]. The DMPO/
SO-4⋅characteristic peak was not detected, which might be attributed to
the rapid transformation of DMPO/SO-4⋅ to DMPO/OH [14]. With
increasing temperature, the hydrolyzation process of Na2S2O8 was
accelerated and produced radicals and acids, resulting in better dew
aterability of sludge (Fig. S1(c)~(d)). There was no significant further
reduction of CSTn and SRF when the temperature was over 80 ◦ C, thus
80 ◦ C was determined as the optimal temperature of TAP oxidation.
As shown in Figure S3, during hydrothermal treatment, dissolved
organic matters (DOMs) were released with the disintegration of EPS
structure and breakage of sludge cell membranes. The increasing viscous
macromolecular DOMs (100,000 ~ 10,000 Da; proteins and poly
saccharides) caused deterioration of sludge filterability (Fig. S4). The

3. Results and discussion
3.1. Effects of TAP oxidation on sludge dewatering performance
The dewatering performance of sludge was enhanced with increasing

Fig. 1. Biopolymer distribution and content of EPS in TAP oxidation optimization experiments: (a) (b) protein; (c) (d) polysaccharide; (e) (f) TOC. Note: Dosage
optimization experiment (80℃; 1 h) and temperature optimization experiment (2.5 mmol Na2S2O8/g TSS; 1 h) were conducted in batches.
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pH of sludge gradually decreased after the addition of oxidant, which
confirmed that the high temperature accelerated Na2S2O8 decomposi
tion and promoted acid generation. Under TAP oxidation, macromo
lecular DOMs were decomposed to polypeptides, amino acids, H2O and
CO2 through the synergistic effect of oxidation and acidification, which
weakened molecular hydration and improved sludge dewaterability.
The CSTn was stabilized after 20 min. Therefore, the addition of 2.5
mmol/g TSS of Na2S2O8 at 80 ◦ C for 20 min was determined as the
optimal condition for TAP oxidation.

temperature increased, the variation of DOMs in S-EPS showed three
stages as “rise-fall-rise”. First, the DOMs contents increased with
increasing temperature (50 ◦ C~60 ◦ C). Thermal hydrolysis effect
dominated in this stage, as Na2S2O8 was yet fully activated. Then,
•
•
activated Na2S2O8 generated SO-4 and OH radicals at 80 ◦ C that rapidly
reacted with DOMs, when the oxidation reaction gradually dominated
the TAP process [12,27]. Finally, DOMs contents in S-EPS further
increased under high temperature (90 ◦ C~100 ◦ C), indicating that the
sludge was sufficiently hydrolyzed and released DOMs. At this stage, the
DOMs contents of TB-EPS slightly decreased and those of LB-EPS
remained stable. These phenomena indicated that the rigid cell mem
branes in waste sludge were disintegrated under high temperature and
released biomacromolecules to the liquid phase.

3.2. Effects of TAP oxidation on biopolymer composition and distribution
in sludge
3.2.1. Effects of TAP oxidation on biopolymers concentration
As shown in Fig. 1, protein, polysaccharide, and TOC contents in SEPS and LB-EPS increased while those in TB-EPS decreased with HT
conditioning (0 mmol Na2S2O8/g TSS). The high temperature induced
the disintegration of sludge flocs and EPS gel-structure, releasing bio
polymers from sludge pellets to the liquid phase and transforming them
to DOMs [36]. With increasing the Na2S2O8 dosage, the DOMs contents
of EPS decreased, with protein as the major component affecting sludge
dewaterability. Tryptophan-like proteins, for instance, were less hy
drophobic and more prone to degrade by active radicals [35].
During TAP oxidation process, the concentrations of EPS were
influenced by both thermal hydrolysis and oxidation. As the

3.2.2. Effects of TAP oxidation on biopolymers composition
The 3D-EEM fluorescence spectroscopy was applied to study the
influences of TAP oxidation on fluorescent components of EPS. Four
components were observed through parallel factor analysis (Fig. S5)
including tryptophan proteins (C1; Em/Ex = 285/355 nm), aromatic
proteins (C2; Em/Ex = 225/305 nm), fulvic acids (C3; Em/Ex = 230/
390 nm), and humic acids (C4; Em/Ex = 270/455 nm) [11,23,35].
Increasing both temperature and oxidant dosage accelerated the
decomposition of sludge flocs and dissolution of DOMs (Fig. S6). HT
conditioning caused the fluorescent components to release from TB-EPS
to S-EPS and LB-EPS. As the Na2S2O8 dosage increased, the fluorescent

Fig. 2. CLSM images of: (a)~(c) raw sludge; (d)~(f) HT sludge; (g)~(h) TAP sludge. Images (b), (e), (h) are showing proteins stained with fluorescein isothiocyanate
(green); Images (c), (f), (i) are showing polysaccharides stained with concanavalin A, Texas Red conjugate (red); Images (a), (d), (g) are the overlaps of images from
green and red channels respectively.
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intensities of tryptophan proteins and aromatic proteins were signifi
cantly decreased, while those of fulvic acids were slightly increased and
humic acids remained stable. The fluorescent structures of tryptophan
proteins and aromatic proteins were efficiently destroyed by TAP
oxidation. It should be noted that tryptophan proteins were easier to
react with radicals due to their strong hydrophilicity, and the fluores
cence structures of fulvic acids and humic acids were not decomposed by
TAP oxidation. As the temperature increased, the fluorescence in
tensities of fulvic acids and humic acids increased, thus their fluores
cence intensities were determined by the degree of sludge
fragmentation, which was influenced by radical concentration and re
action temperature.

increased after HT conditioning and TAP oxidation (Fig. 3(b)), which
confirmed the decomposition and deamination reactions of organic
nitrogen.
3.3.2. Functional groups of sludge response to TAP oxidation
Samples of freeze-dried sludge were analyzed using FTIR to examine
the variation of sludge composition and functional groups. Detailed
assignment of major functional groups was shown in Table S2. There
was a narrow peak of decreasing intensity with increasing Na2S2O8
dosage located at 2930 ~ 2920 cm− 1. Most characteristic peaks were
concentrated in the 1800 ~ 1000 cm− 1 band region (Fig. S8). Therefore,
2D-FTIR correlation spectroscopy was applied to assign the FTIR bands
and examine their covariations [30]. There were six positive auto-peaks
in Fig. 4(a) including amide I region (Peak A) and C-OH (Peak B) related
to proteins, COO– (Peak C) and C–O(H) (Peak D) related to amino acids,
C–OH (Peak E) and C–O–C (Peak F) related to polysaccharides. Ac
cording to the Noda’s rule, the reaction intensities of functional groups
in DOMs follow the order: COO– > amide I region >C–O(H) > C–O–C
> C–OH > C–OH [30]. The glycosidic bond (C–O–C) connects
monosaccharides and maintains the stability of polysaccharide struc
ture, which has high reaction intensity and weak activity intensity in 2DFTIR correlation analysis. This observation indicated that poly
saccharides were hydrolyzed slowly during TAP oxidation process
Meanwhile, the intensity variations of functional groups originated from
proteins and amino acids confirmed protein hydrolyzation. During TAP
oxidation, the amide bonds of proteins were degraded and generated
peptides and amino acids. The changes in secondary structure of pro
teins were revealed by the 1700 ~ 1600 cm− 1 band region (Fig. 4(c) and
(d)). The β-turn (1695 ~ 1660 cm− 1) had the highest reaction intensity
while β-sheet (1640 ~ 1610 cm− 1) was the weakest. According to the
Noda’s rule, the reaction activities of protein secondary structures
follow the order: β-sheet > β-turn > random coil (1650 ~ 1640 cm− 1) >
α-helix (1660 ~ 1650 cm− 1). The inner hydrophobic sites of proteins
were tightly wrapped by protein helical structures (β-turn, α-helix, and
random coil), which reduced their hydrophobicity. During TAP oxida
tion, protein helical structures were uncoiled, which exposed the hy
drophobic sites, enhanced the hydrophobicity of protein molecules,
released bound water, and improved sludge dewaterability.

3.2.3. Effects of TAP oxidation on biopolymers distribution in sludge floc
As shown in Fig. 2, the green region represents proteins and the red
region represents polysaccharides. The fluorescence intensity of proteins
was significantly higher than that of polysaccharides, which was in
consistent with Fig. 1, confirming that protein was an important
component of sludge gel structure. In raw sludge (Fig. 2(a)), bio
polymers dispersed as a gel network structure, within which the distri
bution of proteins basically overlapped with polysaccharides, indicating
they existed as glycoprotein complexes in sludge [8]. The network
structure was cracked after HT conditioning (Fig. 2(d)), whereas the
spatial distributions of proteins and polysaccharides became nonuni
form. The biopolymers were further decomposed by TAP oxidation and
generated many sludge fragments (Fig. 2(g)), and the fluorescence in
tensity of proteins was significantly weakened, which confirmed that
TAP oxidation could effectively decompose proteins and improve sludge
dewaterability.
3.3. Biopolymer transformation in sludge under TAP oxidation
3.3.1. Nitrogen-containing compounds transformation in TAP oxidation
N 1s XPS spectrum was used to investigate the evolution of nitrogen
states in liquid and solid phases of sludge with HT conditioning and TAP
oxidation. The deconvolution results (Fig. S7) showed the nitrogen in
raw sludge (liquid phase and solid phase) was primarily composed by
protein-N (32.6% and 32.8%), pyridine-N (28.9% and 12.6%), and
pyrrole-N (38.5% and 54.6%). During HT conditioning, protein-N was
migrated from solid phase to liquid phase, then labile protein-N was
rapidly decomposed into inorganic-N. The stable protein-N was further
degraded into pyridine-N and pyrrole-N through TAP oxidation, and
migrated to liquid phase. Moreover, the electron pairs on pyridine-N
accepted the protons generated from Na2S2O8 hydrolyzation, then
precipitated into sludge solid phase as pyridiniums. In addition, amino
acid content and ammonia nitrogen content of sludge liquid phase were

3.4. Effects of TAP oxidation on phosphorus transformation in sludge
Sewage sludge contains abundant phosphorus, and the bioavailable
phosphorus content is an important index to evaluate the value of sludge
land application. SMT method fractionates total phosphorus (TP) into
organic phosphorus (OP) and inorganic phosphorus (IP), whereas IP can
be further divided into apatite phosphorus (AP, the fraction mainly

Fig. 3. Effects of HT conditioning and TAP oxidation on nitrogen compositions: (a) relative intensities of different nitrogen states; (b) ammonia nitrogen content and
amino acid content.
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Fig. 4. 2D-FTIR correlation spectroscopy: (a) Synchronous map of 1800 ~ 1000 cm− 1; (b) Asynchronous map of 1800 ~ 1000 cm− 1; (c) Synchronous map of 1700 ~
1600 cm− 1; (d) Asynchronous map of 1700 ~ 1600 cm− 1.

associated with Ca), and non-apatite inorganic phosphorus (NAIP, the
fraction associated with oxides and hydroxides of Al, Fe, and Mn) [38].
As shown in Fig. 5(a), sludge phosphorus was mainly existed as IP in the
raw sludge. After HT conditioning and TAP oxidation, the proportion of
bioavailable phosphorus (including OP and NAIP) was increased from
62% to 74% and 67%, respectively. The increase in bioavailable phos
phorus content confirmed that TAP oxidation could improve the
bioavailability of sludge phosphorus. Compared to HT conditioned
samples, TAP treated sample had slightly higher AP (alkali extracted)
content and lower NAIP (acid extracted) content, which might be
attributed to the acidification effect of TAP oxidation affecting the
phosphorus recovery efficiency from acid extraction.
The liquid 31P NMR analysis was used to reveal phosphorus trans
formations after HT conditioning and TAP oxidation (Fig. 5(b)). Five
phosphorus entities were observed in sludge samples including phos
phonate (17.5 ~ 20 ppm), phosphomonoester (5 ~ 2.5 ppm),

phosphodiester (2.5 ~ 0 ppm), DNA-phosphorus (0 ~ − 1.8 ppm), py
rophosphate (− 5~− 5.9 ppm), and polyphosphate (− 20 ppm) [22,32].
The phosphorus diversity increased after HT conditioning. Meanwhile,
the peak intensity of phosphomonoester increased while that of phos
phodiester decreased. The characteristic peaks of polyphosphate and
pyrophosphate were also generated. After TAP oxidation, the peaks of
DNA-phosphorus, phosphodiester, and phosphonate significantly
increased in intensities, indicating that sludge cells were efficiently
•
•
cracked by SO-4 and OH radicals releasing intracellular nucleic acid.
3.5. Mechanisms of TAP oxidation to sludge dewaterability enhancement
With qualitative and quantitative analysis of nitrogen and phos
phorus containing biopolymers in this study, we proposed the mecha
nisms of HT conditioning and TAP oxidation enhancing sludge
dewaterability (Fig. 6). The sludge cell membranes were destroyed

Fig. 5. Effects of HT conditioning and TAP oxidation on phosphorus composition as shown by (a) SMT analyses (error bars are the standard deviations from triplicate
measurements) and (b) liquid 31P NMR.
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Fig. 6. Schematic diagram of the proposed mechanisms for HT conditioning and TAP oxidation to sludge dewaterability enhancement.

through TAP oxidation, resulting in the release of intracellular nucleic
acids, biopolymers, and bound water. The synergistic effect of sludge
cell structure destruction and protein transformation improved sludge
dewatering performance. In particular, protein hydrolyzation and the
variations of protein secondary structures were found to be important
factors of sludge dewatering performance. First, the labile protein-N in
liquid phase was hydrolyzed into amino acids and inorganic-N through
HT conditioning. Then, TAP oxidation induced cracking and ringopening reactions of stable protein-N in the liquid phase, after which
the reaction products underwent re-cyclization reactions to form
pyridine-N and pyrrole-N [20]. Finally, amino acids were further
degraded and converted into ammonia nitrogen, and the acidification of
sludge resulted in precipitation of pyridine-N into the sludge solid phase
as pyridiniums. In sludge solid phase, the organic nitrogen was gradually
decomposed and released to the liquid phase. Under high temperature,
the oxidation and acidification effects of TAP process accelerated pro
tein hydrolyzation, while the peptide chains were expanded and the
inner hydrophobic sites were exposed, further enhancing sludge hy
drophobicity and dewatering performance. Meanwhile, the nucleic
acids were degraded and the bioavailability of sludge phosphorus was
improved.

3.6. Effect of TAP oxidation on degradation efficiency and RQ variation
of antibiotics
As shown in Fig. 7(a), the concentrations of twelve antibiotics were
evaluated, including three sulfonamide antibiotics (Sulfamerazine,
SMR; Sulfadimidine, SMZ; Sulfathiazole, STZ), three macrolide antibi
otics (Roxithromycin, RTM; Anhydro Erythromycin, AEM, Clari
thromycin, CTM), five quinolone antibiotics (Ciprofloxacin, CIP;
Ofloxacin, OFL; Lomefloxacin, LOM; Norfloxacin, NOR; Sparfloxacin,
SPA), and a tetracycline antibiotic (Oxytetracycline; OTC). The con
centration and ecotoxicological risk of quinolone and tetracycline anti
biotics in raw sludge were relatively higher than other antibiotics. The
antibiotic concentrations in HT sample were generally higher than raw
sludge, while most antibiotics were efficiently degraded through TAP
oxidation and the degradation efficiencies of eight antibiotics were
higher than 80%. The adsorption effect of active sludge was a main
approach for antibiotic removal in municipal sewage, sludge adsorbed
antibiotics through the complexation of biopolymers, but the structure
of antibiotics was not changed during the adsorption process [4]. The
thermal hydrolysis effect of HT conditioning desorbed antibiotics into
sludge liquid phase. With TAP oxidation, macrolide and tetracycline
antibiotics were efficiently decomposed (>80%) by the active radicals,
while removal efficiency of quinolone antibiotics was weaker.
In order to estimate the ecotoxicological risks associated with

Fig. 7. Effects of HT conditioning and TAP oxidation to antibiotics: (a) antibiotic concentrations and (b) RQ.
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antibiotics in TAP treated sludge, RQ calculation was applied based on
terrestrial toxicological data (Table S3). In Fig. 7(b), the RQ of antibi
otics in raw sludge followed the order: quinolone antibiotics > tetra
cycline antibiotic > macrolide antibiotics > sulfonamide antibiotics. RQ
values was divided into different risk levels: low risk (0.01 < RQ < 0.1),
medium risk (0.1 < RQ < 1), and high risk (1 < RQ). After TAP oxida
tion, the ecotoxicological risks of tetracycline, macrolide, and sulfon
amide antibiotics in sludge were reduced to low risk, but CIP, OFL, LOM,
and NOR still presented high ecotoxicological risks, which was caused
by the limited quinolone degradation ability of TAP oxidation.
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Water Res. 189 (2021), 116652.
[4] G. Anke, A. Thomsen, C.S. McArdell, A. Joss, W. Giger, Occurrence and sorption
behavior of sulfonamides, macrolides, and trimethoprim in activated sludge
treatment, Environ. Sci. Technol. 39 (11) (2005) 3981–3989.
[6] N. Bilgin Oncu, I. Akmehmet Balcioglu, Microwave-assisted chemical oxidation of
biological waste sludge: Simultaneous micropollutant degradation and sludge
solubilization, Bioresour. Technol. 146 (2013) 126–134.
[7] L.I. Bing, R. Zhang, Biodegradation and adsorption of antibiotics in the activated
sludge process, Environ. Sci. Technol. 44 (9) (2010) 3468–3473.
[8] M. Boleij, M. Pabst, T.R. Neu, M.C.M. van Loosdrecht, Y.M. Lin, Identification of
glycoproteins isolated from extracellular polymeric substances of full-scale
anammox granular sludge, Environ. Sci. Technol. 52 (22) (2018) 13127–13135.
[9] M. Carballa, F. Omil, T. Ternes, J.M. Lema, Fate of pharmaceutical and personal
care products (PPCPs) during anaerobic digestion of sewage sludge, Water Res. 41
(10) (2007) 2139–2150.
[10] K.H. Chan, W. Chu, Atrazine removal by catalytic oxidation processes with or
without UV irradiation: Part I-quantification and rate enhancement via kinetic
study, Appl. Catal. B 58 (3) (2005) 157–163.
[11] W. Chen, P. Westerhoff, J.A. Leenheer, K. Booksh, Fluorescence excitationemission matrix regional integration to quantify spectra for dissolved organic
matter, Environ. Sci. Technol. 37 (24) (2003) 5701–5710.
[12] X. Chen, M. Murugananthan, Y. Zhang, Degradation of p-Nitrophenol by thermally
activated persulfate in soil system, Chem. Eng. J. 283 (2016) 1357–1365.
[13] C.W.K. Chow, R. Fabris, J.V. Leeuwen, D. Wang, M. Drikas, Assessing natural
organic matter treatability using high performance size exclusion chromatography,
Environ. Sci. Technol. 42 (17) (2008) 6683–6689.
[14] X. Cui, X. Liu, C. Lin, M. He, W. Ouyang, Activation of peroxymonosulfate using
drinking water treatment residuals modified by hydrothermal treatment for
imidacloprid degradation, Chemosphere 254 (2020), 126820.
[15] Y. Gao, N. Gao, Y. Deng, Y. Yang, Y. Ma, Ultraviolet (UV) light-activated persulfate
oxidation of sulfamethazine in water, Chem. Eng. J. 195–196 (2012) 248–253.
[16] A. Ghauch, H. Baydoun, P. Dermesropian, Degradation of aqueous carbamazepine
in ultrasonic/Fe0/H2O2 systems, Chem. Eng. J. 172 (1) (2011) 18–27.
[17] A. Ghauch, A.M. Tuqan, N. Kibbi, S. Geryes, Methylene blue discoloration by
heated persulfate in aqueous solution, Chem. Eng. J. 213 (2012) 259–271.
[18] A. Gherghel, C. Teodosiu, S. De Gisi, A review on wastewater sludge valorisation
and its challenges in the context of circular economy, J. Cleaner Prod. 228 (2019)
244–263.
[19] L. Gonzalez-Gil, M. Papa, D. Feretti, E. Ceretti, G. Mazzoleni, N. Steimberg,
R. Pedrazzani, G. Bertanza, J.M. Lema, M. Carballa, Is anaerobic digestion effective
for the removal of organic micropollutants and biological activities from sewage
sludge? Water Res. 102 (2016) 211–220.
[20] C. He, K. Wang, Y. Yang, P.N. Amaniampong, J. Wang, Effective nitrogen removal
and recovery from dewatered sewage sludge using a novel integrated system of
accelerated hydrothermal deamination and air stripping, Environ. Sci. Technol. 49
(11) (2015) 6872–6880.
[21] M.D. Hernando, M. Mezcua, A.R. Fernández-Alba, D. Barceló, Environmental risk
assessment of pharmaceutical residues in wastewater effluents, surface waters and
sediments, Talanta 69 (2) (2006) 334–342.
[22] R. Huang, Y. Tang, Speciation dynamics of phosphorus during (hydro)thermal
treatments of sewage sludge, Environ. Sci. Technol. 49 (24) (2015) 14466–14474.
[23] C. Jacquin, G. Lesage, J. Traber, W. Pronk, M. Heran, Three-dimensional excitation
and emission matrix fluorescence (3DEEM) for quick and pseudo-quantitative
determination of protein-and humic-like substances in full-scale membrane
bioreactor (MBR), Water Res. 118 (2017) 82–92.
[24] M.S. Kim, K. Lee, H. Kim, H. Lee, C. Lee, C. Lee, Disintegration of waste activated
sludge by thermally-activated persulfates for enhanced dewaterability, Environ.
Sci. Technol. 50 (13) (2016) 7106–7115.
[25] J. Liu, Q. Yang, D. Wang, X. Li, Y. Zhong, X. Li, Y. Deng, L. Wang, K. Yi, G. Zeng,
Enhanced dewaterability of waste activated sludge by Fe(II)-activated
peroxymonosulfate oxidation, Bioresour. Technol. 206 (2016) 134–140.
[26] Y. Liu, H.H. Fang, Influences of extracellular polymeric substances (EPS) on
flocculation, settling, and dewatering of activated sludge, Critical Rev. Environ.
Sci. Technol. 33 (3) (2003) 237–273.
[27] Y. Liu, S. Wang, Y. Wu, H. Chen, Y. Shi, M. Liu, W. Dong, Degradation of ibuprofen
by thermally activated persulfate in soil systems, Chem. Eng. J. 356 (2019)
799–810.
[28] J. Martín, J.L. Santos, I. Aparicio, E. Alonso, Pharmaceutically active compounds in
sludge stabilization treatments: Anaerobic and aerobic digestion, wastewater
stabilization ponds and composting, Sci. Total Environ. 503–504 (2015) 97–104.
[29] M. Narumiya, N. Nakada, N. Yamashita, H. Tanaka, Phase distribution and removal
of pharmaceuticals and personal care products during anaerobic sludge digestion,
J. Hazard. Mater. 260 (2013) 305–312.
[30] I. Noda, Y. Ozaki, Two-Dimensional Correlation Spectroscopy: Applications in
Vibrational and Optical Spectroscopy, John Wiley and Sons Inc., London, 2004.
[31] Y. Qi, K.B. Thapa, A.F.A. Hoadley, Application of filtration aids for improving
sludge dewatering properties - A review, Chem. Eng. J. 171 (2) (2011) 373–384.
[32] T.T. Qian, H. Jiang, Migration of phosphorus in sewage sludge during different
thermal treatment processes, ACS Sustainable Chem. Eng. 2 (6) (2014) 1411–1419.
[33] S. Ruan, J. Deng, A. Cai, S. Chen, Y. Cheng, J. Li, Q. Li, X. Li, Improving
dewaterability of waste activated sludge by thermally-activated persulfate
oxidation at mild temperature, J. Environ. Manage. 281 (47) (2021), 111899.
[34] G.P. Sheng, H.Q. Yu, X.Y. Li, Extracellular polymeric substances (EPS) of microbial
aggregates in biological wastewater treatment systems: a review, Biotechnol. Adv.
28 (6) (2010) 882–894.

4. Conclusion
This study investigated a sludge conditioning process that combined
thermal hydrolysis and persulfate oxidation to enhance sludge dew
atering performance. The TAP oxidation (2.5 mmol Na2S2O8/g TSS,
80℃, 20 min) efficiently enhanced sludge dewaterability, as CSTn and
SRF were reduced by 60.3% and 89.7%, and the sludge cake moisture
content decreased from 88.1% to 75.4%. The biopolymers in sludge
were hydrolyzed through the synergistic effect of thermal hydrolysis and
TAP oxidation processes. Proteins were decomposed into polypeptides,
amino acids, and ammonia nitrogen. Meanwhile, the secondary struc
tures (β-turn, α-helix, and random coil) of proteins were found to be
uncoiled with inner hydrophobic sites exposed, thus enhancing sludge
hydrophobicity and dewaterability. In addition, TAP oxidation effec
tively increased the bioavailable phosphorus content of sludge by
releasing intracellular nucleic acids and pyrophosphate. The TAP
oxidation had obvious antibiotic degradation efficiency, especially on
macrolide and tetracycline antibiotics (>80%), and significantly
reduced the ecotoxicological risks of sludge.
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