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ABSTRACT: The rapid urbanization underscores the urgency of efficient treatment and resource utilization of
municipal sludge for environmental conservation. To address this, a novel pH-responsive dual network polyvinyl
alcohol/sodium alginate sludge hydrogel was devised by integrating municipal sludge with acrylic acid monomers,
ammonium persulphate initiator, N, N’-methylene bisacrylamide crosslinking agent, reinforced by polyvinyl alcohol
and sodium alginate through free radical cross-linking polymerization. The hydrogel’s optimal formulation was
identified by adjusting the monomer, crosslinking agent, and initiator dosage while assessing its swelling behavior
across various pH environments. Results revealed excellent swelling capacity, notably exhibiting a remarkable swelling
capacity of up to 7265.64% at pH 11.0, suggesting the hydrogel’s potential in environmental remediation and innovative
material design. This research presents a pioneering approach to harnessing municipal sludge and developing intelligent
hydrogels, fostering sustainable resource management.
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1 Introduction
The escalating industrialization and urbanization have led to a surge in domestic wastewater discharge,

resulting in a corresponding increase in sludge production [1–3]. This sludge contains hazardous substances
like heavy metals, organic pollutants, parasites, pathogens, and malodorous compounds, posing a significant
threat to urban environmental cleanliness [4–6]. Globally, the volume of sludge generated is expected to
reach 3 billion tons annually by 2025, highlighting the need for sustainable solutions across the world. In
2022, China’s wastewater treatment capacity surpassed 216 million tons daily, generating over 100 million
tons of sludge annually, including pipeline silt [7]. However, dwindling landfill space and closures have
exacerbated the sludge disposal challenge. While China faces significant challenges, it’s important to note
that 60% of sludge worldwide remains untreated, contributing to environmental and health concerns [8]. The
Chinese government has set ambitious targets for sludge treatment, aiming for over 90% harmless disposal
by 2025 and full disposal by 2035 [9]. By the end of 2021, the rate of harmless disposal of urban sludge
in China was about 64%, indicating that there is still a gap in reaching the 2025 target, emphasizing the
urgency to explore innovative, nationally-suited sludge management strategies [10]. Traditional methods
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like landfilling, incineration, and land utilization have limitations, prompting researchers to delve into new
technologies. Innovative approaches such as anaerobic digestion, composting and resource recovery are
being explored in a number of countries, and a number of international organizations, including the United
Nations Environment Programme (UNEP), are advocating for a global framework for sustainable sludge
management to address the global sludge crisis. However, the high cost of implementing new technologies
and the lack of infrastructure in many developing regions pose significant barriers to achieving sustainable
sludge management on a global scale. Among the emerging technologies, smart hydrogels are a promising
solution for sludge disposal.

Hydrogels are advanced polymer materials with a three-dimensional network structure and exceptional
water absorption capacity [11]. Due to their water absorption, hydrogels are now used in many applications,
including wound dressings [12], agriculture [13], environmental remediation [14], nanotechnology [15],
and drug delivery [16]. Intelligent hydrogels, an evolution of this technology, possess the unique ability to
detect and respond to changes in the external environment, including pH, temperature, light, electricity, and
magnetic fields [17]. The concept of intelligent hydrogels originated in 1975 when MIT researchers observed
a polypropylene hydrogel undergoing reversible opacity changes with temperature fluctuations, indicating
a phase transition in its polymer network. Since then, the field has attracted extensive research, exploring
its diverse applications in drug delivery, molecular devices, and light-modulating materials [18–20]. As
an emerging material, smart hydrogels contribute significantly to developing intelligent and eco-friendly
soft materials, enhancing material efficiency, safety, and environmental sustainability [21]. Depending on
their responsiveness, these hydrogels can be categorized into pH-sensitive, temperature-sensitive, electric
field-sensitive, and magnetic-sensitive [22].

In recent years, significant progress has been made in the study of pH-responsive hydrogels, demon-
strating their great potential for applications in the fields of drug delivery, environmental remediation and
smart materials. Through a variety of synthetic strategies, such as one-pot method and crosslinker cross-
linking, researchers have prepared hydrogels with various structural and functional properties. For example,
Avais et al. used the reaction of branched polyethyleneimine (PEI) with an azetidine cross-linker to prepare
a hydrogel that exhibited selective swelling behavior at close to physiological pH and was successfully
applied to drug delivery systems [23]. Meanwhile, Li et al. synthesized a temperature and pH dual-responsive
hydrogel through the synergistic interaction of sodium alginate, borax and carboxymethyl chitosan (CMCS),
which demonstrated good water retention and antimicrobial properties for slow-release of fertilizers [24].
Wang et al. further expanded the field by developing a conductive hydrogel based on graphene oxide,
which was applied to flexible sensors and logic gate design, achieving a smart material for sensing [25]. The
innovative application of smart materials in the field of sensing was realized. In addition, pH-responsive
hydrogels have also made important breakthroughs in performance regulation. By adjusting the cross-
linking density and introducing functional groups, researchers have achieved precise regulation of hydrogel
swelling, mechanical properties and drug release rate, etc. Agarwal et al. prepared a metal hydrogel with
pH-responsiveness and multi-enzyme mimetic activity by self-assembly of adenylate (AMP) and cobalt
chloride (CoCl2) [26]. An et al. prepared a lignin hydrogel with pH responsiveness by introducing tertiary
amino groups into lignin via a thiol-alkyne reaction, which provides a new direction for the application of
hydrogels in the field of biomaterials [27]. In addition, several international studies have been devoted to the
development of new smart hydrogel materials, such as carbon nanotube-enhanced ionic liquid bi-network
conductive hydrogels [28] and flexible strain sensors prepared with the biomolecule sodium alginate [29], etc.

Traditional hydrogels face limitations in water absorption and mechanical property, necessitating modi-
fications to enhance their swelling properties [30]. Although smart hydrogel technology shows great potential
in sludge treatment, it still suffers from limitations such as high production cost, lack of stability, poor
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biodegradability, and limited application scenarios. The aim of this study was to develop a pH-responsive
smart hydrogel based on municipal sludge and to explore its potential application in sludge treatment. This
hydrogel exhibits remarkable capabilities in selectively adsorbing and separating heavy metal ions, organic
pollutants, and other contaminants from sludge, leveraging its unique swelling behavior and adjustable
pore structure that responds to environmental pH changes. This targeted approach significantly enhances
sludge treatment efficiency. Based on this, in this study, the pH-responsive poly(vinyl alcohol)/sodium
alginate sludge hydrogel (PVA/SA sludge hydrogel, PSSH) was prepared by interpenetration of PVA and SA
using municipal sludge as the research material, and by optimizing the hydrogel preparation process, the
hydrogel material with excellent pH-responsive and adsorption properties was obtained to achieve effective
adsorption and separation of heavy metal ions, organic pollutants, and other hazardous substances in the
sludge and recovery and utilization of nutrients such as nitrogen and phosphorus.

2 Materials and Methods

2.1 Experimental Materials
The sludge utilized in this experiment originated from the primary dewatered sludge of a sewage

treatment facility located in Xinzheng City, Zhengzhou and the inorganic components of the sludge mainly
included SiO2, Al2O3 and CaO, accounting for 23.10%, 11.60% and 2.13%, respectively. Upon retrieval, the
sludge was promptly stored in a refrigerator at 4○C to preserve its integrity, and each batch was utilized
within a span of 7 days to ensure consistency. For batches exceeding 7 days, fresh sludge was procured,
and its fundamental properties were rigorously tested and recorded in Table 1. The relevant medicines
required for the preparation of hydrogels including acrylic acid (AA), PVA, SA, ammonium persulphate
(APS), N, N’-methylene bisacrylamide (MBA), the specific information of the drugs is shown in Table 2 [31],
and the proportion of weight of the drugs used in the preparation of hydrogels is shown in Table 3; the
chemicals required for the configuration of pH buffer including sodium bicarbonate, sodium hydroxide,
potassium dihydrogen phosphate, disodium hydrogen phosphate, citric acid, ammonium chloride, ammo-
nia, and potassium chloride, were all of analytical grade, ensuring the accuracy and reliability of the
experimental results.

Table 1: Properties of sludge slurry

pH Electrical conductivity
(EC), us⋅cm–1

Moisture content
(MC), %

Total organic
carbon (TOC), %

7.20–7.64 0.75–0.81 83.26–87.68 63.54–68.88

Table 2: The specific information of the experimental drugs

Experimental drug Formula Grand Manufacturer
Acrylic acid (AA) C3H4O2 Analytical grade Tianjin Kemiou Chemical Reagent

Co., Ltd., Tianjin, China
Polyvinyl alcohol (PVA) (C2H4O)x Analytical grade Shanghai Yi En Chemical Technology

Co., Ltd., Shanghai, China
Sodium alginate (SA) C6H7NaO6 Analytical grade Sinopharm Chemical Reagent Co.,

Ltd., Shanghai, China

(Continued)
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Table 2 (continued)

Experimental drug Formula Grand Manufacturer
Ammonium persulphate

(APS)
(NH4)2S2O8 Analytical grade Tianjin Fengchuan Chemical Reagent

Co., Ltd., Tianjin, China
N, N′-methylene

bisacrylamide (MBA)
NNMBA Analytical grade Shanghai Aladdin Biochemical

Technology Co., Ltd., Shanghai, China

Table 3: The weight proportions of all the materials used in the preparation of the hydrogel

Material Weight, g
PVA 1.0000
SA 0.0539
AA 3.0000
APS 0.1000
MBA 0.1500

2.2 Preparation Method and Principle of PSSH
2.2.1 Preparation Method of PSSH

To prepare the sludge slurry, a precise amount of municipal sludge was measured and combined with
deionized water in a 1:50 mass ratio. This mixture was then thoroughly pulverized using a wall breaker,
resulting in a uniform sludge slurry. From this slurry, 50 mL was accurately measured and transferred into
a beaker. The beaker containing the sludge slurry was placed on a constant temperature water bath stirrer
and preheated at 70○C for 15 min to ensure uniform temperature. Following preheating, monomers AA
was introduced into the beaker, and after 5 min, PVA was added to the reaction system. After another 5
min of stirring, a 0.067 mol/L SA was incorporated. Ten minutes later, the initiator APS was added to the
beaker, followed by the addition of the crosslinking agent MBA after a brief wait of 1 min. The reaction was
maintained at a constant temperature within the water bath throughout this process, forming a yellow-brown
hydrogel solid termed PSSH. The entire procedure is schematically illustrated in Fig. 1.

2.2.2 Preparation Principle of PSSH
As depicted in Fig. 2, the sludge slurry undergoes decomposition under heating conditions when

triggered by the initiator APS, yielding sulfate radicals (SO4
-⋅) [32]. These radicals, characterized by their

unpaired electrons, exhibit high reactivity and can engage in reactions with AA molecules by abstracting
hydrogen atoms adjacent to the carbon-carbon double bond (C=C), thereby generating new radicals. These
newly formed radicals continue the chain growth process by reacting with additional AA molecules [33].
Concurrently, the presence of APS facilitates the crosslinking of active sites present on the polymeric chains
of PVA and SA, leading to the formation of an interpenetrating network structure (IPN) [34]. This ongoing
process encourages the successive polymerization of monomer molecules, resulting in the emergence of long-
chain polymers [35]. Furthermore, the crosslinking agent MBA engages in a covalent crosslinking reaction
with the unsaturated double bonds of AA, forming more stable covalent bonds and establishing crosslinking
sites. These sites connect various polymer chains through carbon-carbon (C-C) or carbon-oxygen (C-O)
single bonds, ultimately constructing a three-dimensional network structure at the molecular level [36].
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Figure 1: Schematic diagram of the PSSH preparation process

Figure 2: Schematic diagram of PSSH preparation principle

2.3 Determination of Swelling Capacity of PSSH
The prepared PSSH was subjected to vacuum freeze-drying until it reached a dry state. Subsequently, a

predetermined mass of the dried hydrogel was placed in a beaker containing a pH buffer solution, allowing
it to absorb water and swell. After a period of time, the hydrogel was removed from the solution, and any
excess water on its surface was gently removed using absorbent paper. The mass of the hydrated hydrogel was
then measured. This process was repeated until the hydrogel was completely broken. The swelling capacity
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of the hydrogel was subsequently calculated using the equation provided in (1) [37].

Sc =
Ws −W0

W0
(1)

where Sc is the swelling capacity of hydrogel, %; Ws is the mass of hydrogel after swelling and water
absorption, g; W0 is the mass of dry hydrogel before swelling, g.

2.4 Materials Characterizations
The dry hydrogel samples prepared under the best conditions were ground into powder and passed

through a 140-mesh sieve. XRD was conducted by D8 ADVANCE X-ray diffractometer of Bruker, Germany,
with a scanning range of 2θ = 10○–80○. FT-IR determination was performed with KBr tablet compression
method in the range of 4000–500 cm–1 with the Fourier infrared spectrometer Nicolet 6700 of Thermo Fisher
Company. The hydrogel samples prepared under the best conditions were freeze-dried and then determined
by SEM with liquid nitrogen embrittlement with a Sigma300+ Oxford energy spectrum scanning electron
microscope (Zeiss).

3 Results and Discussion

3.1 Effects of Different Factors on the Swelling Capacity of PSSH
A series of one-way experiments were used to systematically investigate the effects of different factors on

the swelling characteristics of PSSH hydrogels. In all the experiments, the mass ratio of sludge to deionized
water was always kept at 1:50, and 50 mL of sludge slurry was placed into a magnetic thermostatic water bath
stirrer with the temperature of the water bath set at 70○C. The optimal dosages of AA, PVA, SA, APS, and
MBA were determined from the preliminary experiments to be 3.0 mL, 1.00 g, 8.0 mL, 0.10 g, and 0.20 g.
Subsequently, the swelling behavior of the hydrogels was fully explored by varying individual factors while
keeping other factors constant. This involved adjusting the pH of the pH buffer to 8.0, 9.0, 10.0, 11.0, 12.0, and
13.0 in an experiment to assess the responsiveness of the hydrogel to pH. And by changing a single variable,
i.e., control AA (2.0, 2.5, 3.0, 3.5, 4.0, 4.5 mL), PVA (0.25, 0.50, 0.75, 1. 00, 1.25, 1.50 g), SA (2.0, 4.0, 6.0, 8.0,
10.0, 12.0 mL), APS (0.05, 0.10, 0.15, 0. 20, 0.25, 0.30 g), and MBA (0.10, 0.15, 0.20, 0.25, 0.30, 0.35 g) to analyze
the effect of different dosages of the drugs on the swelling capacity of the hydrogel, and the swelling data
obtained are shown in Figs. 3–8.
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Figure 3: Effect of different pH values on the swelling capacity of PSSH

0 20 40 60 80 100 120

1000

2000

3000

4000

5000

6000

7000

S
c,

%

Time, h

 AA=2.0 mL  AA=2.5 mL
 AA=3.0 mL  AA=3.5 mL
 AA=4.0 mL  AA=4.5 mL

Figure 4: Effect of AA dosage on swelling capacity of PSSH
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Figure 5: Effect of PVA dosage on swelling capacity of PSSH
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Figure 6: Effect of SA dosage on the swelling capacity of PSSH
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Figure 7: Effect of APS dosage on swelling capacity of PSSH
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Figure 8: Effect of MBA dosage on swelling capacity of PSSH

3.1.1 Effect of Different pH on the Swelling Capacity of PSSH
As depicted in Fig. 3 and Table 4, the swelling behavior of PSSH in varying pH buffers exhibits an

initial rise followed by stabilization. Notably, at the pH of 11.0, the hydrogel’s swelling capacity attains a peak
of 7265.64%, suggesting a heightened sensitivity of its crosslinking points to alkaline environments. This
alkaline pH (11.0) partially disrupts the crosslinking structures, resulting in a looser polymer network [38].
Furthermore, the presence of ionizable acidic groups (carboxyl groups, for instance) within the hydrogels
undergoes deprotonation under alkaline conditions, acquiring a negative charge. This charge repulsion
among similar charges causes the polymer chains to unfold, thereby facilitating the solubilization of the
hydrogel and enhancing its swelling capacity [39,40].
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Table 4: Swelling data of PSSH in different pH buffers

pH Sc, %
3.0 346.90
4.0 1172.82
5.0 2440.78
6.0 1864.47
7.0 2275.67
8.0 3822.20
9.0 5410.58
10.0 6662.48
11.0 7265.64
12.0 5541.67
13.0 3129.56

3.1.2 Effect of AA Dosage on the Swelling Capacity of PSSH
As depicted in Fig. 4, the swelling capacity of PSSH in a pH 11.0 buffer solution exhibited a distinct

trend of initially increasing and subsequently decreasing with the escalation of AA monomer dosage.
Specifically, the hydrogel’s swelling capacity peaked at 7304.02% when the AA dosage was precisely 3.0
mL. This phenomenon can be attributed to the role of AA in the polymerization process. AA, being a
monomer with reactive double bonds, undergoes polymerization reactions in an alkaline environment to
form polyacrylic acid (PAA) [41]. In this pH 11.0 buffer, the carboxyl groups of PAA partially or fully
dissociate, acquiring a negative charge. This negative charge enhances the interaction between the polymer
chain and water molecules, resulting in swelling [42]. However, further increments in AA dosage beyond
3.0 mL leads to a decline in swelling capacity. This is due to an increase in chain transfer reactions during
polymerization, yielding polymers with lower molecular weights that exhibit reduced swelling capacity.
Additionally, excess AA can disrupt the uniformity of the polymerization reaction, leading to the formation
of an inhomogeneous hydrogel network. This inhomogeneity can create localized regions within the hydrogel
that are overly compact, ultimately hindering the overall swelling capacity of the material.

3.1.3 Effect of PVA Dosage on the Swelling Capacity of PSSH
As shown in Fig. 5, with the increase of PVA dosage, the swelling capacity of PSSH in buffer solution with

pH 11.0 showed a trend of first rising and then falling. When the PVA dosage was 1.00 g, the swelling capacity
of the hydrogel was up to 7897.71%, which is because PVA molecules contain many hydroxyl groups. These
hydroxyl groups can form hydrogen bonds with water molecules, giving PVA excellent water absorption and
retention [43–47]. Under alkaline conditions, the hydroxyl groups in PVA molecules will partially dissociate
and form negative charges, increasing the interaction with water molecules and leading to the swelling and
swelling of the PVA molecular chains, affecting the swelling capacity of hydrogels. However, too much PVA
leads to higher hydrogel crosslinking density, restricts the movement of polymer chains, and reduces the
ability of water to enter the hydrogel network, reducing the hydrogel’s swelling capacity [48].

3.1.4 Effect of SA Dosage on the Swelling Capacity of PSSH
As depicted in Fig. 6, the swelling behavior of PSSH in a pH 11.0 buffer solution initially escalated and

subsequently declined with an increase in SA concentration. Notably, the hydrogel attained its peak swelling
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ratio of 6928.55% at an SA dosage of 4.0 mL. This phenomenon can be attributed to the influence of SA
dosage on the hydrogel’s crosslink density. An optimal SA amount fosters a moderately cross-linked hydrogel
network, enhancing water absorption and retention, thereby boosting swelling capacity [49]. Conversely,
excessive SA results in a densely cross-linked network that hinders water penetration, ultimately diminishing
the swelling capacity [50,51].

3.1.5 Effect of APS Dosage on Swelling Capacity of PSSH
As evident from Fig. 7, the swelling capacity of PSSH in a pH 11.0 buffer solution exhibited a biphasic

trend, initially escalating and subsequently declining with increasing APS dosage. At an APS dosage of
0.10 g, the hydrogel achieved its peak swelling ratio of 7132.74%. This behavior stems from APS’s varying
stability across different pH levels [52]; it is more stable under acidic conditions and decomposes faster in
alkaline environments. The quantity of free radicals generated by APS decomposition directly correlates with
the number of crosslinking points during polymerization, thereby influencing the hydrogel’s crosslinking
density [53]. The decomposition process of APS is outlined in Eqs. (2) and (3). An optimal APS amount
facilitates the generation of sufficient free radicals to enhance monomer polymerization and foster the
development of a stable hydrogel network [54]. However, excessive APS can lead to a rapid polymerization
reaction, resulting in an uneven hydrogel network that hinders swelling capacity [55]. Additionally, excessive
swelling or mechanical stress can compromise the hydrogel network’s integrity, leading to a significant drop
in its swelling capacity.

(NH4)2S2O8 → 2NH+4 + 2SO2−
4 (2)

2SO2−
4 → 2SO−4 ⋅ +2e− (3)

3.1.6 Effect of MBA Dosage on Swelling Capacity of PSSH
As depicted in Fig. 8, the swelling capacity of PSSH in a pH 11.0 buffer solution initially increased

and then decreased with the escalation of MBA crosslinking agent dosage. At an MBA dosage of 0.15 g,
the hydrogel achieved its peak swelling capacity of 8445.33%. This trend arises due to the ionization of
abundant functional groups (e.g., hydroxyl and carboxyl) within the sludge-based hydrogel, generating
negative charges that repel each other, thereby expanding the hydrogel volume (i.e., swelling) [56]. However,
under alkaline conditions, MBA’s hydroxyl groups can form hydrogen bonds with the hydrogel’s hydroxyl,
carboxyl, and other functional groups, enhancing the hydrogel’s stability [57–60]. Consequently, as MBA
dosage increases, the enhanced hydrogen bonding effect diminishes the hydrogel’s swelling capacity [61].

3.2 RSM Surface Response Optimization
Utilizing the findings from the one-factor experiment, a Box-Behnken response surface methodology

was employed to further optimize the swelling capacity of PSSH in pH 5.0, 7.0, and 11.0 buffer solutions.
Specifically, three key variables, monomer AA dosage (A), PVA dosage (B), and SA dosage (C), were
identified as factors to be varied at three different levels. This three-factor, three-level experimental design
aimed to determine the optimal process conditions for PSSH preparation. The experimental factors and
their respective levels were outlined in Table 5, while the experimental program and the resulting data were
presented in Table 6. The ultimate goal was to achieve optimal swelling capacity of PSSH across the three
different pH buffer conditions.
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Table 5: RSM experimental factors and levels design

Factor Level

–1 0 1
A: AA dosage, mL 2.50 3.00 3.50
B: PVA dosage, g 0.75 1.00 1.25
C: SA dosage, mL 2.00 4.00 6.00

Table 6: RSM experimental program and results

Number AA dosage,
mL

PVA
dosage, g

SA dosage,
mL

Sc, % (pH =
5.0)

Sc, % (pH =
7.0)

Sc, % (pH =
11.0)

1 3.0 1.00 4.0 1697.41 3912.77 6478.51
2 3.0 1.00 4.0 1577.32 3571.36 6576.32
3 2.5 1.00 2.0 1360.30 1729.71 4666.88
4 3.0 1.00 4.0 1608.27 3597.78 6340.06
5 3.0 1.25 2.0 1115.76 2577.43 4156.76
6 3.5 1.00 2.0 1311.01 1697.38 4639.03
7 2.5 0.75 4.0 1105.12 1895.54 5320.90
8 3.0 0.75 2.0 1055.81 2628.37 4212.51
9 3.0 1.00 4.0 1563.77 3663.88 6173.30
10 2.5 1.25 4.0 1241.24 2062.00 4282.10
11 3.0 0.75 6.0 1049.28 2535.97 5138.90
12 3.0 1.25 6.0 1102.32 2610.24 3265.48
13 3.5 1.00 6.0 1208.31 1721.82 4500.00
14 3.5 0.75 4.0 1200.68 1915.03 4595.34
15 3.0 1.00 4.0 1683.46 4206.27 6834.80
16 2.5 1.00 6.0 1256.93 1613.42 7030.35
17 3.5 1.25 4.0 1123.80 2031.54 4389.81

Based on the data in Table 6, PSSH performs best in a buffer with a pH of 11.0. To analyze and fit this data,
a second-order model analysis was used, and a regression equation was derived. Furthermore, a quadratic
regression surface equation was established based on this analysis, as shown in Eq. (4).

Sc = −37150.09 + 14581.84A + 34186.38B + 3452.09C + 2266.54AB − 125.63AC − 908.84BC − 2785.82A2

− 19393.70B2 − 268.77C2 (4)

The results of analysis of variance (ANOVA) are presented in Table 7; from the data analysis, the F-value
of the model is 33.96, p < 0.0001, indicating that the response value of the model is very significantly affected
by this experimental factor [62]. The correlation adjustment coefficient of the model, R2

Adj, was 0.9488, and
the correlation prediction coefficient, R2

Pred, was 0.8476, in which R2
Adj − R2

Pred < 0.2 and the C.V.% was
3.89%, which is less than 10%, indicating that this model has a high degree of accuracy, suggesting that the
experimental results can be analyzed and predicted with this regression surface equation [63,64].
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Table 7: Response polygon ANOVA results

Source Sum of squares Df Mean square F-value p-value
Model 1.71 × 107 9 1.90 × 106 33.96 <0.0001 Significant

A 2.72 × 105 1 2.72 × 105 4.88 0.0629
B 1.03 × 106 1 1.03 × 106 18.49 0.0036
C 8420.78 1 8420.78 0.1509 0.7092

AB 3.21 × 105 1 3.21 × 105 5.75 0.0476
AC 63126.56 1 63126.56 1.13 0.3229
BC 8.26 × 105 1 8.26 × 105 14.80 0.0063
A2 2.04 × 106 1 2.04 × 106 36.59 0.0005
B2 6.19 × 106 1 6.19 × 106 110.83 <0.0001
C2 4.87 × 106 1 4.87 × 106 87.19 <0.0001

Residual 3.91 × 105 7 55813.87
Lack of fit 1.42 × 105 3 47295.99 0.7604 0.5721 Not significant
Pure error 2.49 × 105 4 62202.28
Cor total 1.75 × 107 16

The software generated the corresponding 3D response surface and contour plots, as shown in Fig. 9.
The response surface was saddle-shaped, and the contour lines showed an oval shape, indicating a significant
interaction between the two factors [65].

Figure 9: (Continued)
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Figure 9: Three-dimensional response surface plots and two-dimensional contour plots of optimal dissolution capacity

3.3 Validation Experiment Results and Analysis
In order to verify the reliability of the experimental results, according to the optimized experiments

using the software to select three groups of experiments to verify the analysis, the experimental results are
shown in Table 8.

Table 8: Optimization verification experiment results

AA dosage, mL PVA dosage, g SA dosage, mL Sc, %

Projected value Actual value
2.742 0.981 3.597 7351.84 7609.79
2.500 0.750 4.000 6399.05 6762.48
3.000 1.000 4.000 7480.60 7261.56
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As shown in Table 8, the predicted values are in good agreement with the actual values, and under the
optimal conditions of prediction, i.e., the dosage of AA is 2.742 mL, the dosage of PVA is 0.981 g, and the
dosage of SA solution is 3.597 mL, the prediction of Sc is 7351.84%, and the relative error compared with
the predicted value is 3.51% < 5%, which indicates the prediction model can truly and accurately reflect the
influence of each factor on the Sc value.

3.4 Characterization of PSSH
3.4.1 X-Ray Diffraction Analysis

As depicted in Fig. 10, SiO2 crystallization diffraction peaks located at 2θ = 21.10○, 2θ = 26.68○, 2θ =
39.57○, and 2θ = 68.26○ in the SH diffraction pattern, with the most vigorous intensity at 2θ = 26.68○, and
the peaks corresponded to (101) crystalline surfaces. After the addition of PVA and SA, the intensity of SiO2
crystallization diffraction peaks of PSSH became weaker, which could be analyzed as the polymer formed or
the network physically adsorbed, due to the PVA and SA encapsulating the SiO2 particles. The amorphous
peaks of PSSH were higher than those of SH, which indicated that the crystallinity of PSSH increased further,
and that the PVA and SA were in an amorphous form stabilized in the hydrogel and uniformly dispersed [66].

Figure 10: XRD patterns of PSSH and SH

3.4.2 Fourier Ransform Infrared Analysis
As depicted in Fig. 11, the infrared spectrum of the sludge hydrogel reveals a prominent carbonyl (C=O)

stretching vibration peak at 1720 cm–1, a characteristic hallmark of carbonyl-containing organic compounds,
confirming the presence of such moieties within the hydrogel matrix. Additionally, the presence of Si-O
stretching and bending vibration peaks at 1090 and 610 cm–1, respectively, indicates the composition of the
sludge material. In contrast, the PSSH infrared spectrum exhibits distinct C-H stretching and C-O stretching
vibration peaks at 2948 and 1091 cm–1, respectively. Notably, the strong carbonyl (C=O) stretching vibration
peak at 1720 cm–1 arises from the esterification between PVA and SA components, providing evidence of their
successful integration. Furthermore, the phosphate functional group absorption peak at 800 cm–1 verifies
the complete reaction between PVA, SA, and the sludge. The significant appearance of COO- symmetric
and asymmetric stretching vibration peaks at 1451 and 1540 cm–1, respectively, underscores the successful
modification of the hydrogel structure by PVA and SA, reinforcing the chemical interactions within the PSSH
system [67]. The significant appearance of COO- symmetric and asymmetric stretching vibration peaks at
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1451 and 1540 cm–1, respectively, underscores the successful modification of the hydrogel structure by PVA
and SA, reinforcing the chemical interactions within the PSSH system [67].
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Figure 11: FT-IR patterns of PSSH and SH

3.4.3 Scanning Electron Microscopy Analysis
Fig. 12a,b illustrate the presence of SiO2 particles adhering to the surface of the sludge hydrogel (SH),

corroborating the XRD findings. The hydrogel interior lacks a discernible network structure, exhibiting
numerous folds and an irregular morphology. In contrast, Fig. 12c reveals a pronounced double network
structure within the PSSH hydrogel after the incorporation of PVA and SA. This double network, featuring
intricately intertwined layers resembling a honeycomb pattern, signifies the successful formation of a dual-
network architecture through the interpenetration of PVA and SA. This unique structure enhances the
porosity and interconnectedness of the hydrogel, thereby augmenting its water absorption and retention
capabilities, enabling it to undergo significant swelling upon hydration. Additionally, Fig. 12d showcases the
crosslinking structure within the hydrogel, indicative of chemical reactions between PVA, SA, and specific
components (e.g., metal ions) present in the sludge. These reactions generate chemical crosslinking points,
which subsequently link polymer chains to construct a robust three-dimensional network structure [68].
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Figure 12: SEM image of SH and PSSH((a) (b) SH; (c) (d) PSSH)

4 Conclusions
In this manuscript, the pH-responsive PSSH was prepared from municipal sludge by interpenetration,

and the optimal solution for the preparation of the hydrogel was determined by measuring the swelling
capacity of the hydrogel in different pH buffers and exploring the effects of different preparation parameters
on the pH-responsiveness of the hydrogel. On this basis, RSM optimization experiments further obtained
the optimal preparation parameters. The PSSH prepared under the optimal condition parameters were
characterized in various ways to investigate the material composition and morphological structure, and the
conclusions drawn during the study are as follows:

1) In this study, a novel pH-responsive PSSH was successfully prepared by combining PVA and SA
with municipal sludge via free radical cross-linking polymerization, which showed a high dissolution
rate of 7351.84% under alkaline conditions (pH 11.0). The optimization and characterization of the PSSH
revealed that the amounts of AA, PVA and SA had significant effects on the chemical structure and physical
properties of the PSSH, which conferred pH-responsive properties, hydrophilicity and cross-linking network
structure, respectively.

2) PSSH still faces challenges such as scalability, mechanical strength, stability and cost-effectiveness in
practical applications, and further research and development is needed to optimize the preparation methods,
improve the material properties and explore its practical applications in areas such as environmental
treatment, wastewater treatment and resource recovery. Despite these limitations, PSSH is a promising
method for sludge treatment and resource utilization. Its pH-responsive characteristics and ability to
selectively adsorb and separate pollutants offer potential application areas for environmental remediation,
wastewater treatment and resource recovery. Further research and development work is necessary to address
the identified challenges and realize the full potential of PSSH to contribute to a more sustainable and
environmentally friendly future.
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