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ultrasonic conditioning on sludge dewatering
performance†

Feng Lin, a Siqi Zhang,a Jing Ma,*b Shuxin Zhang,a Baoyu Wanga and Huanlei Yanga

To address the challenge of high moisture content and difficulty in water removal in sludge, this study

optimized the preparation conditions of modified corn stalk powder (MCSP) using solid waste corn stalk

powder (CSP) as the raw material. The optimization was achieved through an alkalization–etherification

process combined with response surface methodology (RSM). When the optimized MCSP was applied in

combination with ultrasonic conditioning for sludge treatment, it was found that the optimal dosage of

MCSP was 0.1 g g−1 DS. At this dosage, the water content of the dewatered sludge and specific

resistance to filtration (SRF) reached their lowest values, which were 1.23 × 1012 m kg−1 and 53.5%,

respectively. Furthermore, the bound water content decreased from 8.53 g g−1 DS to 4.64 g g−1 DS.

There was an increasing trend in the protein and polysaccharide contents across all extracellular

polymeric substances (EPS) fractions, with the protein content in soluble EPS (S-EPS) increasing from

4.87 mg g−1 to 21.31 mg g−1. At the optimal dosage, the sludge particle size increased to 98.5 mm, and

the absolute value of the sludge zeta potential approached zero. The outer boundaries of the flocs

became smoother, and the floc structure became more compact, resulting in optimal sludge dewatering

performance. Further data analysis revealed that EPS and one-dimensional fractal dimension were the

primary factors influencing sludge dewatering performance.
1 Introduction

Municipal sludge is a colloidal structural substance composed
of bacterial cells, insoluble organics, and other components
generated during the water treatment process at urban waste-
water treatment plants.1,2 It contains a substantial amount of
heavy metals (such as lead and cadmium), pathogenic bacteria,
and other harmful substances (including parasitic ova and
aromatic compounds).3,4 If not properly managed, treated, and
disposed of in a manner that is safe, environmentally friendly,
and efficient, it can result in signicant secondary pollution.5

The water content of municipal sludge typically reaches 90%
or above, and due to its inherently complex structure, the water
contained therein is difficult to remove.6–8 Generally, free water
in sludge can be separated through simple gravitational forces.
However, the removal of bound water is signicantly more
challenging. Extracellular polymeric substances (EPS) accounts
for 50% to 90% of the total organic matter in sludge and is the
main component of sludge. Moreover, the chemical
nology, Guangdong Industry Polytechnic

ing Polytechnic, Jining, China. E-mail:
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751
composition of EPS is highly complex, and its main constitu-
ents are similar to those found within microbial cells, including
proteins, polysaccharides, humic substances, lipids, nucleic
acids, and other organic compounds. These proteins, poly-
saccharides, and humic substances possess a large number of
hydrophilic polar groups (such as hydroxyl, carboxyl, and amino
groups) on their surfaces, which can form relatively stable
associations with water molecules. This interaction hinders the
movement of water between sludge ocs, making dewatering of
sludge difficult.9 Ultimately, this affects subsequent treatment
and disposal processes such as incineration and composting.2,10

Currently, wastewater treatment plants oen employ condi-
tioning agents such as aluminum salts, iron salts, and poly-
acrylamide (PAM) to treat excess activated sludge. These agents
primarily function through compressing the electric double
layer, adsorption bridging, and sweep occulation,5 destabiliz-
ing and aggregating sludge colloids to achieve solid–liquid
separation. However, the current method of solely using
chemical conditioning combined with mechanical pressure
ltration cannot disrupt the EPS structure,11 cannot ensuring
that the water content of sludge below 60%, and fails to meet
the requirements for subsequent sludge disposal. Against this
backdrop, researchers have attempted to adopt novel dehydra-
tion methods, such as electrolysis, photocatalysis, bio-
occulants, or bioleaching. Most of these methods aim to
improve sludge dewatering performance by disrupting EPS, but
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra01085c&domain=pdf&date_stamp=2025-06-04
http://orcid.org/0000-0001-7369-8743
https://doi.org/10.1039/d5ra01085c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01085c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015023


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 7
:4

6:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
due to their high investment and operational costs, they are still
far from achieving industrialization.

Corn straw (CS) is an important agricultural biomass
resource, with an annual production exceeding 200 million tons
in China alone. Straw is oen regarded as waste and mostly
disposed of through stacking or open-air burning, causing
severe environmental pollution. Additionally, corn straw is
a natural polymer rich in functional groups such as hydroxyl
groups, which provide reaction sites for subsequent modica-
tions and increase the likelihood of reactions.12 Furthermore,
corn straw contains a protein colloid called zein, which is easily
degradable and can be completely decomposed in soil within 14
days and in water within just 7 days.13 Therefore, using corn
straw as a raw material in sludge dewatering not only poses no
adverse effects but, on the contrary, its high caloric value and
degradability facilitate subsequent treatment and disposal of
the sludge cake.

In this study, agricultural waste corn straw was used as raw
material to prepare modied corn straw (MCSP) through alka-
lization–etherication modication for sludge dewatering. The
aim is to reduce the moisture content of sludge under low
energy and material consumption conditions, achieving waste
treatment by waste utilization. To optimize the conditioning
effect, the preparation conditions of MCSP are optimized, and
the conditioning process is improved by combining it with
ultrasound to further enhance sludge dewatering performance.
Through the combination of chemical analysis and data anal-
ysis, the changes in the physicochemical properties of sludge
are systematically studied, and the key factors inuencing deep
sludge dewatering performance are thoroughly discussed,
further revealing the mechanism of sludge dewatering.
2 Materials and methods
2.1 Experimental materials

The sludge used in this experiment was obtained from
a wastewater treatment plant in Guangdong Province, China.
The basic properties of the sludge are presented in Text S1 and
Table S1 of ESI.†
2.2 Experimental methods

2.2.1 Preparation and optimization of modied corn
stalks. Corn straw powder (CSP) was sieved through a 100-mesh
sieve and dried before being placed in a beaker. An appropriate
amount of NaOH solution was added to alkalinize the CSP at
room temperature, followed by the addition of an appropriate
amount of cetyltrimethylammonium bromide (CTMAB) solu-
tion to conduct an etherication reaction under water bath
conditions for several hours. Aer the alkaline–etherication
reaction, the materials in the beaker were washed and ltered
with deionized water, repeated three times. The resulting
product was then dried in an oven at 105 ± 5 °C to remove free
water, subsequently ground, sieved through a 100-mesh sieve
for sufficient contact reaction with hydroxyapatite. The nal
product obtained was the modied corn straw (MCSP), which
were placed in a dryer for further use.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2.2 Characterization of MCSP. The functional groups of
the samples were characterized using Fourier Transform
Infrared Spectroscopy (FTIR, VERTEX 70, Bruker, Germany).
The binding state variations of the primary elements were
analyzed through X-ray Photoelectron Spectroscopy (XPS, K-
Alpha, Thermo Scientic, America). The specic surface area
and pore size distribution of the samples were determined
using a fully automated Brunauer–Emmett–Teller (BET)
analyzer (ASAP 2460, Micromeritics, America). Scanning Elec-
tron Microscopy (SEM, MIRA LMS, TESCAN, Czech Republic)
was employed to analyze the morphological changes of the
samples.

2.2.3 Measurement of sludge dewatering performance. The
laboratory-scale deep dewatering press is depicted in Fig. S1.†
The measurement of water content of the dewatered sludge,
specic resistance to ltration (SRF) and bound water content14

is detailed in ESI (Text S2).†
2.2.4 Analysis of EPS in sludge. An improved thermal

extraction method was employed to extract EPS from sludge in
Text S3.†15 The protein content in the extracted EPS fractions
was determined using the Coomassie Brilliant Blue method
with bovine serum albumin (BSA) as the standard.16 The poly-
saccharide content in the extracted EPS fractions was deter-
mined using the anthrone method with glucose as the
standard.17

2.2.5 Particle size and zeta potential analysis. The sludge
particle size was measured using a laser diffraction particle size
analyzer (MS3000, Malvern). The measurement result was
expressed as the median particle size (Dv [50]). The zeta
potential of the sludge was measured using a Zeta potential
analyzer (Zetasizer Nano-ZS90, Malvern).

2.2.6 Analysis of sludge oc structure. Detailed procedures
for the determination of the fractal dimension of oc are
described in Text S4.†18
2.3 Data analysis

Pearson correlation and factor analysis were conducted using
SPSS 17.0 statistical soware for data processing.
3 Results and discussion
3.1 Characterization of MCSP

3.1.1 FTIR characterization. To investigate the changes in
functional groups between CSP and MCSP, FT-IR analysis was
conducted in this study on both samples (Fig. 1). In the MCSP
spectrum, the characteristic peak at 3425.9 cm−1 and the CSP
spectrum at 3418 cm−1 represent hydroxyl groups. Additionally,
the absorption peaks at 2919, 1730, 1514, 1248, and 1053 cm−1

in the CSP spectrum correspond to the stretching vibrations of –
C–H, –C]O, C]C, –C–O, and –C–O–C, respectively. These
peaks primarily originate from glucose and polysaccharides
present in the raw cellulose and starch.19,20 Aer the alkaliza-
tion–etherication reaction, the absorption peaks at 1514 and
1248 cm−1 disappeared, indicating the opening of oxygen-
containing heterocycles due to modication.21 In the MCSP
spectrum, the peaks at 2928.3, 2858.9, and 899.6 cm−1 represent
RSC Adv., 2025, 15, 18742–18751 | 18743
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Fig. 1 Infrared spectrogram.
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N–CH3, –CH2–N–CH2–, and C–Br absorption peaks, respec-
tively, demonstrating the successful loading of the quaternary
ammonium groups from CTMAB onto the surface of CSP
through etherication reaction.22 The modication imparts
positive charges to MCSP, enabling it to undergo electrostatic
neutralization when added to sludge systems. This facilitates
the adsorption and aggregation of colloidal particles within the
sludge, thereby enhancing sludge dewatering performance. The
Fig. 2 SEM image analysis (a) and (b) CSP; (c) and (d) MCSP.

18744 | RSC Adv., 2025, 15, 18742–18751
FTIR analysis of CSP and MCSP in the 1500–1800 cm−1 region
was shown in Text S5.†

3.1.2 Characterization of surface topography. As shown in
Fig. 2, CSP exhibits a brous structure, which is attributed to the
cellulose and lignin content accounting for approximately 60%
of the total components.23 As shown in Fig. 2c and d, pores
appeared in the sample aer the alkali etheration reaction. The
increase in the specic surface area of MCSP from 1.23 m2 g−1

to 1.35 m2 g−1 in Table 1 indicates that there are more active
sites on the surface of MCSP. This further demonstrates that the
adsorption capacity of MCSP has been signicantly enhanced,
enabling it to adsorb more pollutants. The average pore size
increasing from 19.65 nm to 22.76 nm suggests that the pore
structure of MCSP has become more spacious. Larger pores
facilitate the adsorption of larger-sized pollutants, thereby
improving adsorption efficiency. The increase in pore volume
also means that there is more space within MCSP to accom-
modate adsorbed substances, further increasing the adsorption
capacity. MCSP presents a ake-like morphology, with akes
evenly distributed on the inner side of the pores and the surface
of the sample. This indicates that the structure of the original
material becomes looser and more accessible aer the alkali–
etherication reaction. Compared to CSP, the formation of
pores in the MCSP sample facilitates the penetration of mois-
ture into the polymer, thereby improving its solubility.24 Addi-
tionally, the multilayer three-dimensional network structure of
MCSP provides a large number of contact points, enabling the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of MCSP dosage on sludge dewatering performance.

Table 1 Specific surface area parameter

Sample BET surface area
Adsorption average
pore diameter

BJH adsorption cumulative
volume of pores

CSP 1.23 m2 g−1 19.65 nm 0.0048 cm3 g−1

MCSP 1.35 m2 g−1 22.76 nm 0.0051 cm3 g−1
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adsorbent to interact with colloidal particles through van der
Waals forces, thereby accommodating and immobilizing the
adsorbed colloidal particles. Moreover, the quaternary ammo-
nium groups introduced through etherication impart a posi-
tive charge to the surface of MCSP. These positive charges can
neutralize the negative charges on the surface of sludge parti-
cles, reducing the electrostatic repulsion between particles. This
facilitates the adsorption process and promotes particle aggre-
gation and occulation. Ultimately, this contributes to
enhanced sludge dewatering performance.

3.1.3 XPS. XPS spectroscopic analysis was conducted on
CSP and MCSP to investigate the similarities and differences
in the elemental species present on the surface of the samples
before and aer modication, with the characterization
results presented in Fig. S2.† Both CSP and MCSP are
predominantly composed of C, N, and O. Notably, compared
to the full spectrum of CSP, the emergence of Na 1s and Br 3d
absorption peaks in MCSP indicates that the alkalization–
etherication process successfully loaded Na and Br elements
onto CSP. A comparison between Fig. S2(a) and (d)† reveals
that C–C bonds dominate in both CSP and MCSP, with the
MCSP spectrum additionally containing C–N+ and O]C–N
bonds,25 conrming the immobilization of quaternary
ammonium groups onto the CSP surface. Following the
modication of CSP, a decrease in the proportion of C–N
bonds and the emergence of C–N+ bonds suggest the quater-
nization of CSP (Fig. S2 (c) and (f)†). Simultaneously, the
binding energy positions at 531.0 eV and 531.80 eV in both
CSP and MCSP correspond to –OH and C–O bonds, respec-
tively, primarily associated with groups in alcohols, hemi-
acetals, or acetals, which are typically closely related to
polysaccharides in CSP and MCSP.26,27 The binding energy
positions at 533.36 eV and 532.64 eV correspond to O–C]O
and C]O bonds, respectively, primarily associated with
groups in carbonyls, carboxylates, and amide esters, indi-
cating that MCSP retains its original structure aer
modication.

3.2 Effect of MCSP on sludge dewatering performance

Through single-factor experiments, the effects of factors during
the preparation of MCSP on sludge dewatering performance
were investigated. Based on the optimal value ranges of factors
A (alkali concentration), B (alkalization time), C (etherication
temperature), and E (etherication concentration) determined
through single-factor experiments, the water content of the
dewatered sludge was selected as the response variable (R1).
The Box–Behnken design of response surface method (RSM)
was used to optimize the preparation conditions of MCSP. For
detailed analysis, see ESI Text S6, Table S2 and Fig. S3 and S4.†
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2.1 Effect of MCSP conditioning alone on sludge dew-
atering performance. Fig. 3 depicts the variation in sludge
dewatering performance under different dosages of MCSP
conditioning. With the increase in MCSP dosage, both the water
content and SRF of the sludge exhibit a trend of initial decrease
followed by an increase. Optimal dewatering effect is achieved
when the MCSP dosage is 0.15 g g−1 DS, resulting in a reduced
water content to 61.56% and a decreased SRF to 5.13 × 1012 m
kg−1. This is attributed to the negatively charged nature of the
sludge system, whereas the dewatering agent MCSP carries
positive charges. These positive charges neutralize the negative
charges present in the sludge, thereby weakening the electro-
static repulsion between sludge particles. However, an excessive
amount of MCSP leads to an excess of positive charges in the
sludge system, causing the particles to once again repel elec-
trostatically and become difficult to aggregate.28 This hinders
the release of bound water within the system, ultimately
impeding the ltration and dewatering of the sludge.

3.2.2 Effect of MCSP combined with ultrasonic condi-
tioning on sludge dewatering performance. From Fig. 4, both
the water content and SRF of the sludge exhibit a trend of initial
decrease followed by an increase as the MCSP dosage increases.
At an MCSP dosage of 0.1 g g−1 DS, the water content of the
dewatered sludge and SRF reach their lowest values, which are
1.23 × 1012 m kg−1 and 53.5%, respectively, showing a signi-
cant reduction compared to sludge samples without ultrasonic
assistance. Fig. 4b reveals the impact of the combination of
MCSP and ultrasonication on bound water content, which
decreases from 8.53 g g−1 DS to 4.64 g g−1 DS. This may be
attributed to the synergistic effect of ultrasonication and MCSP
conditioning. On the one hand, ultrasonication generates
RSC Adv., 2025, 15, 18742–18751 | 18745
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Fig. 4 Impact of combined conditioning on sludge dewatering performance (a) SRF and water content; (b) bound water content.
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sonochemical effects, including instantaneous high tempera-
ture and pressure as well as shear forces, which can disrupt
cellular structures and decompose refractory organics. On the
other hand, it creates a sponge effect, allowing water to more
easily pass through channels produced by wave propagation,
thereby promoting the increase in sludge aggregation particle
size.29 This conversion of surface-bound water into free water
alters the water distribution in the sludge, leading to signicant
improvements in both SRF and the water content of the dewa-
tered sludge.
3.3 Impact of combined conditioning with MCSP and
ultrasonication on sludge properties

3.3.1 EPS. The composition and spatial distribution of EPS
are closely related to the bioocculation, settlement, and dew-
atering performance of sludge, with protein (PN) and poly-
saccharide (PS) typically recognized as the primary components
of EPS, accounting for 75–89% of the total organic carbon (TOC)
in sludge.30 As shown in Fig. 5, aer combined conditioning
with MCSP and ultrasonication, the protein content in EPS
fractions exhibited an increasing trend. Specically, the protein
Fig. 5 Impact of combined conditioning with MCSP and ultrasonication

18746 | RSC Adv., 2025, 15, 18742–18751
content in S-EPS increased from 4.87 mg g−1 to 21.31 mg g−1, in
LB-EPS from 2.12 mg g−1 to 12.7 mg g−1, and in TB-EPS from
1.65 mg g−1 to 16 mg g−1. Similarly, the polysaccharide content
in EPS also demonstrated an increasing trend. Notably, the
protein and polysaccharide contents in S-EPS were higher than
those in LB-EPS and TB-EPS. This may be attributed to the
quaternary ammonium groups loaded onto the MCSP structure
disrupting sludge cells, reducing the activity of planktonic cells
within the sludge, disturbing the stable sludge system, and
altering intracellular and extracellular osmotic pressures.
Consequently, intracellular bound water and encapsulated
organics are released into the system. Additionally, the positive
charges carried by MCSP neutralize the negative charges
present in the sludge system, disrupting the EPS structure and
releasing encapsulated proteins, polysaccharides, and other
organics into the ltrate. On the other hand, the introduction of
ultrasonication disrupts the cell wall structure, releasing intra-
cellular materials and causing some loosely and tightly bound
EPS components to dissolve and transfer to S-EPS and the
supernatant. Therefore, under the combined action of MCSP
on EPS (a) protein and (b) polysaccharide.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Pearson correlation analysis.
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and ultrasonication, the content of protein and polysaccharide
in S-EPS is relatively high.

3.3.2 Particle size, zeta potential, and fractal dimension. As
illustrated in Fig. 6, under the assistance of ultrasonic treat-
ment, the sludge particle size exhibits a trend of initially
increasing and then decreasing with the increasing dosage of
MCSP. Specically, when theMCSP dosage reaches 0.1 g g−1 DS,
the sludge particle size increases from 43.5 mm to 98.5 mm,
achieving a maximum value. Simultaneously, as the MCSP
dosage gradually increases, the zeta potential of the sludge
samples shis from negative to positive. At a dosage of 0.1 g g−1

DS, the absolute value of the zeta potential of the sludge
approaches zero, indicating that the negative charges in the
sludge system are gradually neutralized by the positive charges
carried by MCSP. This leads to the rapid aggregation of unstable
colloidal particles in the system, resulting in the maximum
sludge particle size and optimal sludge dehydration perfor-
mance. However, as the MCSP dosage continues to increase, the
absolute value of the zeta potential of the sludge increases, and
an excessive amount of positive charges in the system forms
a stable system with opposite charges once again, which is
unfavorable for the occurrence of re-aggregation reactions.
Consequently, the sludge particle size decreases. The presence
of ne particles in the sludge system can block the pore struc-
ture formed during the ltration process, making it difficult for
the bound water in the sludge system to be released and
drained.31 Therefore, the sludge SRF and water content
increase, deteriorating the dewatering performance.

D1 represents the irregularity or roughness of the boundary
of oc particles. A value closer to 1 indicates a less irregular and
smoother boundary surface of the oc. D2 indicates the
compactness of the oc, with a higher D2 value suggesting
a more dense oc structure.22 A higher D1 value is typically
associated with lower dewatering performance, as a rougher
surface increases the friction between particles, hindering the
expulsion of water. Conversely, a higher D2 value is usually
linked to better dewatering performance, since a more compact
structure helps to reduce the pores between particles,
enhancing the strength and stability of the ocs, thereby
improving dewatering performance. As shown in Fig. 6, the raw
Fig. 6 Effects of MCSP combined with ultrasonic conditioning on sludge
zeta potential; (b) fractal dimension.

© 2025 The Author(s). Published by the Royal Society of Chemistry
sludge has a D1 value of 1.23 and a D2 value of 1.12. Aer
combined conditioning with MCSP and ultrasound, D1 gradu-
ally decreases while D2 continuously increases. This indicates
that during the occulation process, the outer boundary of the
oc becomes smoother and the oc structure becomes more
dense. This is due to the combined effect of MCSP and ultra-
sound, which allows the released intracellular organic matter to
enter the EPS and encapsulates the previously exposed inor-
ganic particles, thereby smoothing their boundaries. The
continuous increase in D2 is closely related to the decrease in
the absolute value of the sludge zeta potential. As the electro-
static repulsion between sludge particles decreases, the force
compressing the electric double layer increases, resulting in the
formation of more dense ocs.

3.4 Analysis of key factors inuencing the sludge
dewaterability

3.4.1 Pearson correlation analysis. To investigate the
sludge dewatering mechanism, this section examines the
correlation between sludge dewatering performance and
selected physicochemical properties of sludge, including EPS,
particle size, zeta potential, and fractal dimension (a) particle size and

RSC Adv., 2025, 15, 18742–18751 | 18747
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particle size, zeta potential, fractal dimension, and bound water
content. Fig. 7 and Table S3† present the Pearson correlation
coefficients between sludge dewatering performance and these
physicochemical properties. The correlation coefficients
between EPS, particle size, zeta potential, fractal dimension,
bound water content, and the water content of the dewatered
sludge are all greater than 0.6, indicating a strong correlation
between these sludge physicochemical properties and dew-
atering performance.32,33 Among them, D1 and bound water
content exhibit a positive correlation with water content of the
dewatered sludge, while protein and polysaccharide in EPS,
particle size, zeta potential, and D2 show a negative correlation.
Notably, particle size, zeta potential, D2, and bound water
content demonstrate an extremely strong correlation with the
water content of the dewatered sludge.

3.4.2 Factor analysis. Based on the above analysis, it is
evident that particle size, zeta potential, and EPS all signicantly
inuence sludge dewatering performance. However, multi-
collinearity exists among most of these indicators. Therefore,
factor analysis, a multivariate statistical method, was employed
to simplify multiple independent indicators into a few compre-
hensive indicators while minimizing the loss of original infor-
mation and reducing the number of variables as much as
possible.34 This method aims to capture as much information
from the original variables as possible using a limited number of
variables. Factor analysis was conducted on 11 standardized
variables (particle size, zeta potential, protein and polysaccharide
in three-layer EPS, D1, D2, and bound water), and the results are
presented in Table S4.† It can be observed that the cumulative
variance contribution rate of the rst three common factors is
99.68%, encompassing most of the information from the 11
variables. This is also evident from the scree plot (Fig. S5†).
Therefore, three common factors were selected for this study.
Additionally, through orthogonal rotation, the gap between the
characteristic root values narrowed, with the initial maximum
characteristic root value being 10.023 and the minimum being
0.11, which changed to a maximum of 7.283 and a minimum of
0.128 aer rotation. This indicates that the rotation reduced the
variance contribution rate disparity among the factors, resulting
in a more balanced overall explanatory power.

Table S5† presents the factor loading matrix, where the
loadings of the 11 variables on the rst factor are high both
before and aer rotation, indicating a strong correlation with
the rst factor. Aer applying orthogonal rotation to the factor
Fig. 8 Sludge dewatering mechanism.

18748 | RSC Adv., 2025, 15, 18742–18751
loading matrix using the varimax method, the cumulative
contribution rate of factor 1 reached 91.118%, while the
contribution rates of factors 2 and 3 were only 7.564% and
0.998%, respectively. Therefore, factor 1 is the most signicant
inuencing factor. Among them, EPS and D1 have relatively
high loadings on factor 1 both before and aer rotation, indi-
cating that they are the primary factors affecting sludge dew-
atering performance.

The chemical composition and structure of EPS signicantly
inuence the sludge dewatering performance. Disrupting the
network structure of EPS can release bound water, reduce the
water-holding capacity of sludge, and thereby enhance dew-
atering performance. The degradation of EPS also makes the
sludge oc structure more porous, with the released organic
matter encapsulating previously exposed inorganic particles
and smoothing the oc boundaries, leading to a decrease in D1.
A lower D1 value typically indicates better dewatering perfor-
mance, as smoother surfaces reduce inter-particle friction and
facilitate water expulsion. Therefore, the composition and
structure of EPS, as well as D1, are key factors affecting sludge
dewatering performance. Optimizing the degradation of EPS
and the regulation of oc structure can signicantly improve
sludge dewatering performance, providing a theoretical basis
for the development of more efficient sludge treatment and
disposal methods.

3.4.3 Mechanism analysis. As shown in Fig. S6† and 8,
MCSP has been subjected to alkali–etherication treatment,
introducing cationic groups (such as quaternary ammonium
groups) that impart a positive charge to its surface. EPS,
primarily composed of proteins, polysaccharides, and nucleic
acids, typically carries a negative charge. As a result, there is
a signicant electrostatic interaction between MCSP and EPS.
This interaction can neutralize the negative charges within EPS,
disrupting its original structural stability. The electrostatic
neutralization not only alters the charge distribution of EPS but
may also affect the conformation of proteins and poly-
saccharides within EPS, causing them to shi from a compact
structure to a more relaxed state. This structural change can
lead to the release of bound water within EPS, thereby reducing
its bound water content.

Ultrasonication, through the cavitation effect generated by
high-frequency vibrations, can disrupt the structure of sludge
cell walls and EPS.35 This physical fragmentation can release
intracellular bound water and organic matter, further reducing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the bound water content within EPS. Additionally, the shear
forces from ultrasonication can break down the EPS network
structure, allowing the substances encapsulated within EPS to
be further released and dissolved.35,36 However, the small sludge
ocs that have been disrupted may reaggregate due to the
addition of the dewatering agent MCSP, re-occulation aer
ultrasonication, and the sweeping and adsorption effects of the
released EPS on them. These tiny particles reaggregate into
larger oc structures, facilitating the removal of water by
external forces in subsequent steps. Therefore, ultrasonication-
assisted MCSP conditioning can produce a synergistic effect
that further improves the dewatering performance of sludge.

4 Conclusion

In this study, waste corn stalks were used to prepare MCSP
through an alkalization–etherication process to enhance sludge
dewatering performance. Characterization conrmed the
successful modication of MCSP. When combined with ultra-
sound for sludge conditioning, the optimal MCSP dosage was
0.1 g g−1 DS. At this dosage, the water content and SRF reached
their lowest values of 53.5% and 1.23× 1012 m kg−1, respectively,
signicantly lower than those of sludge samples without
ultrasound-assisted conditioning. The bound water content
decreased from 8.53 g g−1 DS to 4.64 g g−1 DS, and the protein
and polysaccharide contents in S-EPS were higher than those in
LB-EPS and TB-EPS. The sludge particle size initially increased to
98.5 mm from 43.5 mm at an MCSP dosage of 0.1 g g−1 DS. The
absolute value of the zeta potential approached zero, reducing
electrostatic repulsion between sludge particles and leading to
denser ocs with increasing D2. Combining data analysis with
mechanistic insights revealed that EPS and D1 were the primary
factors inuencing sludge dewatering performance.
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