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ABSTRACT

In this study, hydrogels were prepared from municipal sludge to recycle and realize the value-added utilization of
the carbon components in this abundant waste material. The carbon sources were extracted from the municipal
sludge using synthesised nano CaO2 as an oxidant, and the carbon sources were graft copolymerised with acrylic
acid monomer using N, N′-methylenebisacrylamide as a crosslinking agent and ammonium persulfate as an
initiator. The factors influencing the hydrogel preparation were investigated by single-factor experiments. Based
on the results of the single-factor experiments, a hydrogel with a swelling ratio of up to 19768.4% at 12 h was
prepared with an oxidant dosage of 0.20 g, a monomer dosage of 5.8 g, a neutralisation degree of the monomer
of 70%, an initiator dosage of 0.15 g, and a crosslinking agent dosage of 0.15 g. The hydrogel preparation con-
ditions were optimized using the response surface method, and the interactions between the different reaction
conditions were analysed to obtain the best preparation conditions. X-ray diffraction results showed that hydro-
gels were amorphous in structure. Scanning electron microscopy images showed that the SiO2 particles from the
sludge acted as crosslinking points between different layers of hydrogel chains. The crosslinking polymerisation
and crosslinking agent worked together to form hydrogels with an inorganic-organic double network structure,
and this structure was highly stretchable, resulting in hydrogels with good swelling properties.
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1 Introduction

The production of domestic sewage is rapidly rising as urbanization in China accelerates. Municipal
sludge (MS) is a by-product of sewage treatment process and is associated with various environmental
problems if it is not properly treated and disposed [1]. At present, the most widely used treatment
methods include incineration, disposal in landfills, composting, and production of building materials [2].
However, all of these treatment technologies emit CO2 or CH4 as well as other greenhouse gases into the
environment, causing secondary pollution and wasting the carbon resources in MS [3]. With the goals of
mitigating the “carbon peak” and achieving “carbon neutrality” in China, the efficient utilisation of MS is
an immediate challenge that needs to be solved in the field of environmental protection.
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Hydrogels are a class of highly-functional polymeric materials that not only have unique three-
dimensional crosslinked structures with soft textures that maintains their specific shapes, but also are
highly absorbent, have good biocompatibility and biodegradability, and are environmentally friendly and
economically renewable in a wide range of applications such as agriculture, landscape, and environmental
governance [4]. For example, Cheng et al. [5] prepared a highly absorbent hydrogel using acrylic acid
and urea as monomers, potassium persulfate as an initiator and MBA as a crosslinking agent that could
be used for the sustained release of nitrogen fertilizer in agricultural applications. Peng et al. [6] prepared
novel porous hydrogels by graft copolymerisation of acrylic acid and xylan-rich hemicelluloses and used
these materials to absorb heavy metal ions, including Zn2+, Cd2+ and Pd2+ from wastewater. Wang et al.
[7] applied a highly absorbent hydrogel to soil and found that the hydrogel improved the porous network
structure of the soil as well as enhanced the water retention in the soil to a certain extent. As a result, the
added hydrogels improved crop yields and played a positive role in agricultural production. However,
hydrogels also have several disadvantages including they have low mechanical strengths, are poorly
durable, and are easily broken under long-term swelling or application of external forces, which limits
their applications [8].

Sludge is rich in hydrophilic functional groups, such as -OH and -COOH, that can form a stable and
elastic network structure through adsorption bridging and act as a hydrogel-forming agent [9]. MS is
mainly composed of C, O, N, S, P, and other elements. Among the components, carbon sources,
including extracellular polymers, soluble sugars, cellulose, protein, and fats, account for about 50~80% of
the total organic content in sludge [10,11]. Preliminary explorations into the feasibility of cracking and
releasing organics from sludge have been performed in recent years [12–14]. Among these studies, solid
CaO2 to sludge was shown to dissolve in water to generate H2O2 at a controllable rate which in turn
strongly oxidized the organic compounds to release them from the sludge [15]. However, the particle
sizes in commercial CaO2 are generally large, and as a result, the CaO2 is not easy to disperse in the
medium and tends to agglomerate, which reduces the surface contact area and reaction speed of CaO2

and sludge flocs. The breakdown of the organics in sludge by CaO2 is also limited, which requires the
use of extra reagents to maintain good reactivity. In this paper, spherical nano-CaO2 was synthesised and
used as an activator for sludge and had a controllable reaction, high oxidation efficiency, better
dispersion, and more significantly degraded the organic components of sludge compared with traditional
commercial CaO2 [16].

Extensive studies have investigated ways to utilize the organic carbon components in MS. Hossain et al.
[17] used the carbon components from sludge to prepare biochar that was used to adsorb heavy metals in
agricultural applications. Qin et al. [18] prepared a non-metallic electrocatalyst with excellent
performance using MS as a raw material. Wang et al. [19] treated sludge with FeCl3 and polyacrylamide
and successfully prepared a carbon catalyst that had a mesoporous structure and multi-functional catalytic
activity. Liang et al. [20] prepared a new type of activated carbon by co-pyrolysis of coconut shells and
MS and found that its adsorption performance was far superior to other carbon adsorbents. The above
studies highlight the feasibility of realizing high value-added products from the carbon components in
sludge and also provide an experimental basis for the preparation of hydrogels from the carbon
components released from sludge.

In this study, MS was used as a raw material, and synthesised nano-CaO2 was used as an oxidant to
stimulate the release of carbon components from sludge. Hydrogels were formed with added monomer
(Acrylic acid, AA), a crosslinking agent (N,N′-methylenebisacrylamide, MBA) and an initiator
(Ammonium persulfate, APS), and the remaining inorganic components in the sludge, such as SiO2,
Al2O3, and CaO, after the release of carbon-containing compounds dissolved as a rigid skeleton [21].
These inorganic-organic double network hydrogels were prepared by grafting copolymerisation. The
effects of different preparation conditions on the swelling properties of the hydrogels are discussed. To
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further optimise the synthetic methods, a comprehensive in-depth investigation on the related mechanisms is
needed. Therefore, in this study, the interactions between the different preparation conditions on the resulting
hydrogel properties were analysed using the response surface methodology (RSM). On this basis, the
hydrogels were characterized by X-Ray diffraction (XRD), Scanning electron microscopy (SEM), and
Fourier transform infrared spectroscopy (FT-IR), and the swelling mechanism of the hydrogels was
analysed. These results are expected to provide a new approach for the high value-added utilization of MS.

2 Experimental Methods

2.1 Chemicals and Materials
The MS used in the experiments was obtained from a sewage-treatment plant in Xinzheng City of

Zhengzhou (China) and was the primary dewatering sludge obtained from belt pressure filtration. The
sludge was retrieved from the sewage treatment plant in batches and stored at 4°C. The service cycle of
each batch of sludge was 7 d. After the time was exceeded, new sludge was collected, and its basic
properties were determined. The organics content in the sludge samples ranged from 63.54%~68.88%,
the water contents ranged from 83.26%~87.68%, and the pH values ranged from 7.20~7.64. AA, MBA,
APS, and NaOH were all analytically pure and produced by Beijing InnoChem Technology Co., Ltd.,
Beijing, China.

The nano-CaO2 used in the preparation of the hydrogels was first synthesised here. The particle sizes
ranged from 45~300 nm, and the purity was 79.13%. XRD patterns and SEM images of the synthesised
nano-CaO2 are shown in Figs. 1 and 2. The mineral phases in traditional commercial CaO2 and nano-
CaO2 synthesised here were the same. Both samples show XRD reflections at 2θ = 30.273°, 35.598°,
47.306° and 51.594° which were consistent with the characteristic peaks of CaO2. However, some
calcium hydroxide was also present in the commercially available calcium peroxide. As shown in
Figs. 2a and 2b, it can be seen that there were obvious differences in the morphologies of the commercial
CaO2 and synthesised CaO2. The commercial CaO2 contained hexagonal particles and some irregularly
shaped agglomerates. In contrast, the synthesised nano-CaO2 were spherical or elliptical in shapes with
particle sizes between 45 and 300 nm.

2.2 Principles and Processes for the Hydrogel Preparation
The hydrogel preparation protocol is shown schematically in Fig. 3. The hydrogel preparation mainly

relied on crosslinking chemistries and free radical polymerisation as follows. The oxidation of CaO2 was
used to crack and release the carbon components (-OH, -COOH) in MS, and the decomposition of the
organic matter resulted in the simultaneous release of the inorganic components (SiO2, Al2O3, CaO).

Figure 1: XRD patterns of commercial CaO2 and synthesised nano-CaO2
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Then, APS was used as an initiator that thermally decomposed at high temperature conditions to generate free
radicals that extracted hydrogen atoms from the -OH groups in the main chain of organic components, which
in turn formed active-OR. The added AA monomer was then initiated by the reactive radicals, and the C=C
double bonds were opened and grafted onto the main chain of the organic components to form graft
copolymers. The inorganic components, such as SiO2, acted as cross-linking points between the layers of
the hydrogel chains [22] and formed the first layer of the rigid inorganic network structure. The MBA
acted as a cross-linking agent to promote crosslinking of branched chains to form a second layer of the
flexible mesh structure of the hydrogel. Multiple components in the reaction mixture copolymerised
resulting in interpenetration of the inorganic and organic networks to form the final inorganic-organic
double network hydrogel.

A typical hydrogel preparation process was as follows. The desired amounts of sludge and deionized
water at a mass ratio of 1:50 were weighed and mixed well to obtain a municipal sludge slurry (MSS).
Then, 50 mL of MSS was added to a beaker, and CaO2 was added. The mixture was placed in a constant
temperature water bath and magnetically stirred (HSJ, Jiangsu Kexi Instrument Co., Ltd., Changzhou,
China). The AA was added to the mixture after 30 min, and then an NaOH solution (5 mol/L) was added
after 5 min to neutralise the AA. After 10 min of reaction, APS was added followed by MBA after an

Figure 2: SEM images of (a) commercial CaO2 and (b) synthesised nano-CaO2

Figure 3: Schematic diagram of the hydrogel preparation process
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additional 5 min. The water bath was maintained at a constant temperature, and the reaction mixture was
stirred until a brown hydrogel formed. The solid hydrogel was the prepared municipal sludge hydrogel
(MS-Hydrogel).

2.3 Determination of the Hydrogel Swelling Ratio
The prepared MS-Hydrogels were completely dried in a vacuum freeze dryer (LGJ-10, Beijing

Yuechengjiaye Technology Co., Ltd., Beijing, China), and a certain mass of dry hydrogel was weighed.
After the weight was recorded, the dry MS-Hydrogels were put into a beaker containing deionized water,
and the beaker was placed in a constant temperature and humidity controlled artificial climate chamber
(BIC-300, Shanghai Boxun Industrial Co., Ltd., Shanghai, China). The hydrogel was removed from the
water every 2 h. After wiping the water off the surface of the hydrogel with absorbent paper, the
hydrogel was weighed and then placed back in the beaker of water. The above process was repeated for a
total of 12 h. The swelling ratio of MS-Hydrogel was calculated as shown in Eq. (1).

Sr ¼ Ws �W0

W0
� 100% (1)

where Sr (%) is the swelling ratio of MS-Hydrogel, Ws (g) is the mass of MS-Hydrogel after swelling and
water absorption, W0 (g) is the mass of MS-Hydrogel before swelling.

Fig. 4 presents images of the prepared MS-Hydrogel, Freeze-dried MS-Hydrogel, and MS-Hydrogel
after 12 h of water absorption.

2.4 RSM Experimental Design
The Box-Behnken experimental design was chosen to evaluate the combined effects of four independent

variables that were identified to affect the hydrogel swelling properties using single factor tests at three levels
as shown in Table 1. All the experiments were conducted in triplicate, and the average of the Sr value was
taken as response. The experimental data were analysed with the RSM procedure and fitted to an empirical
quadratic model.

Figure 4: Photographs of different forms of the MS-Hydrogels

Table 1: Factors and levels of the MS-Hydrogel swelling ratio

Levels Factors

nano-CaO2 (g): A AA (g): B APS (g): C MBA (g): D

−1 0.15 5.6 0.10 0.10

0 0.20 5.8 0.15 0.15

1 0.25 6.0 0.20 0.20
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2.5 Characterisation of the Hydrogel Properties
The surface chemical composition of the hydrogels was determined using X-ray Photoelectron

Spectroscopy (D8 ADVANCE, Bruker Corporation, Milton, ON, Canada). The functional groups present
in the MS and MS-Hydrogels were measured by FTIR spectroscopy (Nicolet 6700, Thermo Fisher
Scientific, Waltham, MA, USA) using the KBr pellet technique and were examined in the 4000~500/cm
region. The morphologies of the MS and MS-Hydrogel were characterized by SEM (Quanta 250, FEI,
Ltd., Brno, Czech Republic).

3 Results and Analysis

3.1 Effect of Preparation Conditions on the Swelling Properties of the Hydrogels

3.1.1 Effect of Polymerisation Temperature on the MS-Hydrogel Swelling Ratio
To investigate the effects of the polymerisation temperature on the hydrogel properties, the

polymerisation was performed with the volume of MSS held constant at 50 mL, the CaO2 dosage
controlled to 0.15 g, a constant AA dosage of 5.6 g and AA neutralisation of 60%, a fixed APS dosage
of 0.20 g and a fixed MBA dosage of 0.10 g. The effects of the polymerisation temperature on the
swelling ratio are shown in Fig. 5.

As seen in, Fig. 5, the Sr of the MS-Hydrogels prepared at all temperature increased over time.
Comparing the Sr at 12 h suggested that the swelling ratio first increased and then decreased with
increasing polymerisation temperature. When the polymerization temperature was 70°C, Sr reached a
maximum value of 16636.9%. This was due to the low rate of APS decomposition and slower free
radical polymerisation kinetics at low temperatures. Due to the lower degrees of cross-linking at these
conditions [23], the networks formed were “defective” and incomplete, and the water-holding capacity of
the MS-Hydrogels was poor. The decomposition of APS accelerated at higher polymerisation
temperatures, and the probability of collisions between the different components and free radicals in the
system increased, which promoted the formation of the hydrogel network structure. As a result, Sr
gradually increased with reaction temperature. However, when the temperature was too high, the APS
decomposed rapidly and reacted violently, and the polymerization reaction was too fast. At high
temperatures, the extent of reaction was too high in some areas and not high enough in other areas, which
prevented the formation of a uniform and effective network structure and led to the decrease in the
hydrogel swelling performance.
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Figure 5: Effect of polymerisation temperature on the swelling ratio of the hydrogels

1242 JRM, 2023, vol.11, no.3



3.1.2 Effect of Degree of Monomer Neutralisation on the MS-Hydrogel Swelling Ratio
The effects of the degree of monomer neutralisation on the hydrogel swelling ratio are shown in Fig. 6.

For these experiments, the other variables were kept constant including 50 mL of MSS, a controlled CaO2

dosage of 0.15 g, an AA dosage of 5.6 g, an APS dosage of 0.20 g, an MBA dosage of 0.10 g, and a
polymerization temperature of 70°C.

As shown in Fig. 6, the Sr of MS-Hydrogel prepared under different extents of AA neutralisation
increased with an increase in the swelling time, and the Sr first increased and then decreased as the degree
of neutralisation increased. This trend was because when the degree of neutralisation of AA was lower than
70%, more -COOH groups were present in the system, and these groups tended to self-polymerise which
increased the overall crosslinking density and decreased the water retention of the hydrogel [24]. A
maximum Sr value of 16530.2% was measured for the hydrogel with a degree of neutralisation of 70%.
When the degree of neutralization was higher than 70%, slow conversion of AA prevented the formation of
well-defined network structure and decreased the absorbency of the hydrogel [25].

3.1.3 Effect of CaO2 Dosage on the MS-Hydrogels Swelling Ratio
These experiments used 50 mL of MSS, controlled the amount of AA to 5.6 g, fixed the degree of

AA neutralisation to 70%, used 0.20 g of APS and 0.10 g of MBA, and fixed the polymerization
temperature at 70°C. The effects of CaO2 dosage on the MS-Hydrogel swelling properties at these
conditions are presented in Fig. 7.
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Figure 6: Effect of degree of monomer neutralisation on the swelling ratios of the hydrogels
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Figure 7: Effect of CaO2 dosage on the swelling ratios of the hydrogels

JRM, 2023, vol.11, no.3 1243



As seen in Fig. 7, Sr increased with CaO2 dosage for hydrogels prepared with less than 0.2 g of CaO2. At
these dosages, CaO2 generated Ca(OH)2 and H2O2 in the liquid system [26], and the metal ions present in
low concentrations in MS acted as catalysts to convert H2O2 to ·OH. As a result, the H2O2 generated was less
stable. Moreover, the thermal activation of APS at the high temperatures formed SO4

-·, which is also a strong
oxidizer. The alkalinity of Ca(OH)2 and the oxidation of ·OH and SO4

-· promoted degradation of the organic
components in the sludge and release of the carbon components.

When the dosage of CaO2 was 0.20 g, Sr reached a maximum of 17197.0%. At even higher CaO2

dosages, the Sr decreased as the CaO2 dosages continued to increase. At high dosages, the added Ca2+

led to flocculation of the components in the sludge [27], thus hindering the formation of the hydrogel
network. Moreover, high concentrations of Ca2+ in the system also formed salt bridges with the
polysaccharide molecules, which ordered the molecules and increased the number of entanglements [28],
and both of these effects led to a decrease in the swelling properties of the hydrogels.

3.1.4 Effect of Initiator Dosage on the MS-Hydrogel Swelling Ratio
To study the effects of initiator dosage on the MS-Hydrogel properties, all other reaction conditions were

held constant at 50 mL of MSS, 0.20 g of CaO2, 5.6 g of AA, a degree of neutralisation of 70%, an MBA
dosage of 0.10 g, and a polymerisation temperature of 70°C, the results are shown in Fig. 8.

As shown in Fig. 8, after 12 h of swelling, Sr first increased and then decreased with increasing of APS
dosage. The maximum Sr value of 18252.0% was measured for the hydrogel prepared with 0.15 g of APS.
The reactions involving APS are shown in Eqs. (2) to (4).

NH4ð Þ2S2O8 Ð 2NH4
þþS2O8

2� (2)

NH4ð Þ2S2O8 þ H2O Ð 2NH4HSO4 þ H2O2 (3)

S2O8
2� þ 2H2O Ð 2HSO4

� þ H2O2 (4)

In this process, the APS was thermally activated to produce SO4
-· as shown in Eq. (5) [29].

�O� S
k
O

k
O

�O�O� S
k
O

k
O

�O� �!heat 2 �OSO2O
�ð Þ (5)

In the initial stage of the reaction, as the APS dosage increased, the associated increase in the free radical
concentration polymerised the AA and carbon sources in the sludge to form a three-dimensional network
structure. At too high of dosages, the copolymerization and self-polymerization reactions were too fast
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Figure 8: Effect of initiator dosage on the swelling ratio of the MS-Hydrogels
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which decreased the relative molecular weight of the formed polymers, shortened the hydrogel backbone
length and led to a decrease in the swelling properties of the hydrogels [30].

3.1.5 Effects of Monomer Dosage on the MS-Hydrogels Swelling Ratio
The MSS volume was constant at 50 mL, the CaO2 dosage was 0.20 g, the degree of neutralisation

was 70%, the APS amount was 0.15 g, the amount of MBA was 0.10 g, and the polymerization
temperature was 70°C to investigate the effects AA dosage on the properties of the MS-Hydrogels. The
results are shown in Fig. 9.

The Sr increased and then decreased with increasing amounts of AA. The maximum Sr of 19072.7% was
measured for the hydrogel prepared with 5.8 g of AA. The increase at low AA dosages was due to the fact
that AA molecules could self-polymerise or graft copolymerise with the carbon components in the sludge,
and the AA molecules contained a large number of hydrophilic -COOH groups which allowed the
hydrogel to absorb a large amount of water without dissolving [31]. At AA amounts greater than 5.8 g,
the Sr decreased, because the degree of crosslinking increased. At high crosslinking densities, the
polymer chain motions in the hydrogel were restricted, the network wall thickness increased, the pore
sizes became smaller [32], and the ductility of the hydrogel was limited, which decreased the swelling
performance.

3.1.6 Effect of Crosslinking Agent Dosage on the MS-Hydrogels Swelling Ratio
The amount of MBA added to the hydrogel was varied at a constant MSS volume of 50 mL MSS, a

controlled CaO2 dosage of 0.20 g, a fixed AA dosage of 5.8 g, a constant AA degree of neutralisation of
70%, a fixed APS dosage of 0.15 g, and a polymerisation temperature of 70°C. The swelling ratios of the
resulting hydrogels are shown in Fig. 10.
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Figure 9: Effect of monomer dosage on the swelling ratio of the MS-Hydrogels
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Figure 10: Effect of crosslinking agent dosage on the swelling ratios of the MS-Hydrogels
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As shown in Fig. 10, with an increase in the amount of MBA added, the Sr of the hydrogels first
increased and then decreased. A maximum Sr of 19768.4% was measured for the hydrogel prepared with
0.15 g of MBA. This nonmonotonic trend was because up to a certain point, the increased MBA dosage
increased the crosslinking density which improved the water-holding performance of the hydrogels [33].
When too much MBA was added, the MBA self-polymerised which increased the crosslinking density
and decreased the porosity of the hydrogel which decreased the swelling performance [34].

3.2 RSM Analysis
In order to determine the optimal reaction conditions to prepare an MS-Hydrogel with the highest Sr and

to determine whether there were interactions between the different reaction conditions on the properties of
the resulting hydrogels, a multiple second-order polynomial equation was fit to the experimental data as
shown in Eq. (6).

Y ¼ 19367:64� 814:72� Aþ 224:05� Bþ 281:74� C � 1053:88� Dþ 29:30� AB

� 491:45� AC þ 1016:00� ADþ 884:84� BC � 812:22� BD� 694:80� CD�
3263:07� A2 � 2791:60� B2 � 4332:86� C2 � 1658:76� D2

(6)

where A, B, C, D and Y are the dosage of nano-CaO2, monomer, initiator, cross-linking agent and Sr,
respectively. The Model F-value from the variance analysis for the response surface quadratic model was
14.75 which implied that the model was significant, and there was only a 0.01% chance that a “Model F-
value” this large was due to noise. Values of “Prob > F” were less than 0.0500 which indicated that the
model terms were significant. The F-value of 3.60 implied that the “Lack of Fit” was not significant
relative to the error, which was good for the model. The adequacy and the significance of the response
surface model were determined based on an analysis of the variance. The analysis showed that the squared
regression statistic (R2) was 0.9365, and the difference between the “Adj R-Squared” and “Pred R-
Squared” was 0.2100, which indicated a good consistency between the experimental and predicted values
and implied that the mathematical model was reliable. The value of the C.V.% (coefficient of variation),
7.01%, also suggested that the model was highly accurate and reproducible. The actual and predicted
experimental values were linear as shown in Fig. 11, indicating that these values were well correlated.

Fig. 12 presents the three-dimensional response surfaces and their corresponding two-dimensional
circular contour plots generated by the Design Expert Software Package. The response surface plots
showed that AB, AC, AD, BC, BD, and CD had interacting effects on Sr. For optimization, all input
variables were kept ‘in range’, and Sr was maximized in numerical the optimization section of software.

Figure 11: Comparison of predicted and measured results
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Figure 12: Response surface plots of CaO2 dosage vs. AA dosage; (b) CaO2 dosage vs. APS dosage; (c)
CaO2 dosage vs. MBA dosage; (d) AA dosage vs. APS dosage; (e) AA dosage vs. MBA dosage; (f) APS
dosage vs. MBA dosage
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The optimum values were 0.190 g, 5.823 g, 0.155 g, and 0.129 g for A, B, C, and D, respectively, for
attaining a hydrogel with a maximum Sr (i.e., 19697.883%).

Three additional experiments using each optimum operating condition determined from the RSMmodel
were conducted to validate the model. The process variable solutions and experimental results are listed in
Table 2. The replicate experiments yielded MS-Hydrogel with an Sr of 14837.2%, 14042.6%, and 13386.1%,
respectively. The results clearly demonstrate the effectiveness of the model to optimize the composite
conditioning effects.

3.3 Phase, Morphology, and Structural Analysis of the MS-Hydrogels

3.3.1 XRD Characterization Results
The MS-Hydrogel prepared at the optimal reaction conditions sample was dried, ground into a powder,

passed through a 300 mesh sieve, coated and then measured with XRD. XRDmeasurements were performed
with a Cu Kα source at a current of 30 mA and a voltage of 35 kV, and the scanning range was 2θ = 15°–75°.
The XRD spectra are shown in Fig. 13.

Sharp diffraction peaks were seen in the pattern measured of MS at 2θ = 20.84°, 26.61°, 30.89°, 36.50°,
39.44°, 50.12° and 59.91°, which corresponded to the diffraction peaks typically measured for crystalline
SiO2 [35]. The intensity of the diffraction peaks at scattering angles greater than 2θ = 30° was relatively
low and suggested a large amount of amorphous CH material was also present in the sludge. The
diffraction patterns of the MS-Hydrogel showed two broad peaks, one between 2θ = 15°–20°, and the
other between 2θ = 30°–35°, indicating that structure was amorphous. A low intensity at 2θ = 26.61° was
still present which corresponded to (101) crystalline plane of SiO2, indicating that the crystallinity of
SiO2 was reduced during the cross-linking polymerisation reaction, the intermolecular hydrogen bonds
were broken, and the crystal shape changed.

Table 2: Verification experiments at predicted optimum conditions

CaO2/g AA/g APS/g MBA/g Sr/%

Predicted value Actual value

0.15 5.6 0.15 0.15 14159.6 14837.2

0.25 5.8 0.15 0.10 13180.7 14042.6

0.20 5.6 0.15 0.20 14663.0 13386.1

2�(degree)

Figure 13: XRD patterns of MS and the MS-Hydrogel
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3.3.2 SEM Characterization Results
The structures of the MS, freeze-dried MS-Hydrogel, brittle fractured MS-Hydrogel, and swelling MS-

Hydrogel sample were imaged with SEM. The samples were sprayed with gold before being imaged, and the
results are shown Fig. 14.

A typical fractal floc structure similar to a branching broken fluff structure was seen in the MS in Fig. 14a
[36]. Meanwhile, as shown in Fig. 14b, the structure of the freeze-dried MS-Hydrogel showed irregular
interlaced folds with thick pore walls and indistinct pores, suggesting that the local network structure had
contracted. In Fig. 14c, spherical SiO2 particles embedded in a mesh-like structure were seen in the cross-
section of the fractured MS-Hydrogel, which suggested that the SiO2 particles acted as cross-linking
points to form an inorganic-organic double network. As described in previous studies of gels, the SiO2

particles penetrated through the layers of MS-Hydrogel chains which formed pores [37] and increased the
contact area between the MS-Hydrogel and H2O to improve the swelling performance of the hydrogel
[38]. As seen in Fig. 14d through Fig. 14f, the three-dimensional network in the MS-Hydrogel swelled
and pores were visible as water molecules entered the structure [39].

Figure 14: SEM images of the MS sludge and MS-Hydrogels. (a) MS; (b) Freeze-dried MS-Hydrogel; (c)
Brittle fracture of MS-Hydrogel; (d) Swollen MS-Hydrogel × 3000; (e) Swollen MS-Hydrogel × 6000; (f)
Swollen MS-Hydrogel × 12000
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3.3.3 FT-IR Characterization Results
The MS and MS-Hydrogel were characterized with FT-IR. The results are shown in Fig. 15.

As can be seen from Fig. 15, there were three distinct absorption peaks in the spectrum of the MS at
wavelengths of 765, 1030 and 1640 cm−1, corresponding to the infrared absorption peaks of Si-O bonds
in SiO2 and C-O and -COOH groups in the organic matter, respectively [40]. Meanwhile, the broad peaks
between 3300 to 3500 cm−1 in the spectrum of the MS-Hydrogel were due to the presence of the -NH2

and -NH groups [41]. The absorption peak at 2940 cm−1 was assigned as the anti-symmetric stretching
peak of C-H, and the absorption peak -C=O at 1570 cm−1 was due to the interactions between the amide
groups in MBA and -C=O groups in acrylic acid. Peaks corresponding to the bending vibrations of C-H
in -CH2 appeared at 1410 cm−1 [42], from which it could be speculated that the MBA in the MS-
Hydrogel was grafted onto the carbon skeleton in the MS, and the grafting polymerisation reaction
occurred between the introduced MBA and AA and the carbon components in the sludge. It can also be
speculated that the oxygen-containing functional groups, such as -COOH and C=O, participated in the
MS-Hydrogel formation through surface complexation reactions.

4 Conclusions

(a) Synthesised nano-CaO2 was used as an oxidant to stimulate the release of carbon sources in MS, and
the optimum process parameters for preparing the hydrogels were determined through single factor
experiments to be a dosage of CaO2 of 0.20 g, an AA dosage of 5.8 g, an AA neutralisation degree of
70%, an APS dosage of 0.15 g, an MBA dosage of 0.15 g, a polymerization temperature of 70°C.
The swelling ratios of hydrogels prepared with these conditions reached 19768.4% at 12 h.

(b) The hydrogel preparation conditions were optimized using the response surface method, and the
interactions between the different factors were analysed. It was found that the relative error of
the predicted hydrogel swelling ratio in the regression model was less than 5% compared with
the actual experimental value, and the model could be used to predict the experimental results.

(c) XRD characterization results showed that while the inorganic components in the MS sludge were
highly crystalline, the MS-Hydrogel was primarily amorphous. During the crosslinking
polymerisation reaction, the crystallinity in the sludge was reduced and the intermolecular
hydrogen bonds were destroyed, resulting in a change in the crystal shape.

(d) SEM characterization results indicated that the SiO2 in the sludge acted as cross-linking points in the
hydrogels that connected the hydrogel chains, thus forming more pores. The hydrogel structure was

4000 3500 3000 2500 2000 1500 1000 500
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Figure 15: FT-IR analysis of MS and MS-Hydrogel
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highly stretched after swelling, and the dual inorganic-organic network structure and high flexibility
of the prepared hydrogels were the main reasons for their high swelling properties.

(e) FT-IR analysis indicated that oxygen-containing functional groups, such as -COOH and C=O, in the
carbon-containing compounds from the sludge participated in the hydrogel synthesis through
surface complexation reactions.
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