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a b s t r a c t

H2O2 is an environmentally friendly oxidizing agent with minimal secondary pollution; however, its ap-

plication has always been constrained by factors such as storage and transportation. In this study, we

propose an innovative method for storing and releasing H2O2 using hydrogels. Commercial hydrogels

(sodium polyacrylate) can undergo swelling and absorb H2O2 in aqueous solutions, and the swollen hy-

drogel can continuously release H2O2 under osmotic pressure. And the characteristics of osmotic pressure

drive ensure the recyclability of hydrogel for H2O2 storage. Experimental results demonstrate that H2O2

can stably exist within the hydrogel for an extended period, and this strategy helps to avoid explosion the

risk and potential environmental hazards during the transportation of H2O2. Finally, experiments confirm

that the hydrogel controlled sustained release of H2O2 is effective in both Fenton reactions and the pro-

cess of bacterial inactivation. This work introduces new ideas for the storage of H2O2, and the sustained

release of H2O2 may have significant implications in the fields of healthcare, environmental science, catal-

ysis, and beyond.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

H2O2 is widely used as an oxidizing agent, with global demand

expected to exceed 2.2 million tons per year [1]. In compari-

son to alternative oxidizing agents like t-BuOOH, N2O, NaClO,

or permanganate, H2O2 demonstrates a clear advantage. The

reaction products of H2O2 mainly consist of oxygen and water,

making it a more environmentally benign oxidizer compared to

the mentioned agents [2–4]. The elevated reactive oxygen content

of H2O2 (47wt%) substantially augments its oxidizing activity.

These distinctive attributes render H2O2 widely applicable across

a spectrum of domains, including but not limited to textiles [5],

papermaking [6], organic synthesis [7], biomedicine, and envi-

ronmental treatment [8]. Nevertheless, H2O2 is a high-energy

liquid fuel with exothermic reaction characteristics [9], rendering

it highly susceptible to explosions and severe accidents. In recent

years, there has been a notable increase in the frequency of

explosion incidents involving H2O2 during transportation, produc-
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tion, and storage, posing a substantial threat to human life and

property safety [10–12]. To mitigate this risk, in compliance with

the International Maritime Dangerous Goods (IMDG) regulations,

stabilizing agents such as phosphoric acid or phosphates are

mandated to be incorporated into solutions containing H2O2 mass

fractions exceeding 20% during transportation. Nonetheless, it is

noteworthy that these stabilizers themselves present environ-

mental concerns, contributing to eutrophication in water bodies

and presenting challenges in their removal during post-treatment

processes.

Hydrogel is a type of material that can absorb and swell in

water. It is composed of a polymer main chain and hydrophilic

functional groups, forming a three-dimensional network structure.

Hydrogels have the capability to absorb water through swelling,

and high-quality hydrogels can maintain favorable mechani-

cal properties over an extended duration [13,14]. Owing to its

notable attributes of high elasticity, water absorption capacity,

biocompatibility, and the facile encapsulation of hydrophilic drugs,

hydrogels have witnessed widespread applications across diverse

domains [15–17]. Two of the most prominent roles are storage

and sustained release. In agriculture, hydrogels of polyacrylamide

https://doi.org/10.1016/j.cclet.2024.110320
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and sodium polyacrylate type are often used as water retention

agents in agriculture. The hydrogel, which has dissolved and

absorbed the finished water, serves as a reservoir for the soil. In

instances where the soil surrounding the roots exhibits a tendency

to desiccate, the water contained within the hydrogel undergoes

release, facilitating plant uptake through a diffusion mechanism

[16]. Furthermore, hydrogels have the capacity to absorb certain

nutrients essential for plant growth [18–20]. Hydrogels which

contain urea achieve the gradual release of nitrogen, thereby not

only contributing to the amelioration of soil conditions but also

enhancing the growth prospects of cultivated crops. Similarly,

hydrogels have been applied to the storage and sustained release

of other nutrients [21,22]. In the biomedical domain, hydrogels are

frequently employed as carriers for pharmaceuticals and biologics

as well as drug delivery [23–26]. Drug delivery systems based on

hydrogels confer substantial advantages, including localized drug

delivery and sustained drug release spanning days or even weeks.

Due to the distinctive physicochemical properties of hydrogels,

H2O2 may potentially be absorbed and stored within the hydrogel

through its swelling capacity. However, there is currently a paucity

of research in this area, necessitating a study on the mechanism

of H2O2 storage within hydrogels.

In this study, a commercial hydrogel (superabsorbent polymer

(SAP)) composed of sodium polyacrylate was employed to safely

store H2O2. Extensive characterization via infrared spectroscopy,

solid-state nuclear magnetic resonance (SSNMR), and X-ray pho-

toelectron spectroscopy (XPS) confirmed sodium polyacrylate as its

predominant constituent. Through testing the absorption and re-

lease of H2O2 by hydrogels under different conditions, the mech-

anism underlying H2O2 storage within hydrogels was elucidated

and the key factors influencing the processes of H2O2 absorption

and release was identified. Moreover, experiment was conducted to

validate the stability of H2O2 stored within the hydrogel through

stability testing. Concurrently, it was observed that SAP within

the swollen H2O2 solution exhibited a sustained release perfor-

mance, exerting a notable influence on the enhancement of pol-

lutant degradation and the sustained bactericidal effect.

To explore the components of SAP, Fourier transform infrared

(FT-IR) spectroscopy characterization was performed on sodium

polyacrylate and SAP. As shown in Fig. 1a, for both sodium poly-

acrylate and SAP, five main peaks were observed around 3480,

2950, 1710, 1450, and 1150 cm-1. The broad and intense stretching

vibration band centered at 3480 cm-1 was attributed to the -OH

group in the -COOH [27]. The peak at 2950 cm-1 was due to the

stretching vibration of methylene (-CH2-) in the alkyl chain. The

band at 1710 cm-1 was assigned to the C=O stretching vibration of

the -COOH group [28], the band around 1450 cm-1 corresponded

to the asymmetric stretching vibration of the C=O group in -CO-

O- [29], and the peak near 1175 cm-1 corresponds to the stretching

vibration of -CO-O- in acrylic acid [28,30]. Through the compari-

son of the FT-IR spectroscopy of SAP and sodium polyacrylate, the

peak positions were identical, confirming that the main component

of commercial SAP was sodium polyacrylate.

To further verify the main components in SAP, SSNMR char-

acterization of sodium polyacrylate and SAP was conducted, as

shown in Fig. 1b, with peak positions roughly the same. Both

sodium polyacrylate standard samples and SAP exhibited six sets

of peaks, corresponding to the three standard peaks of the sodium

polyacrylate sample, as well as the three standard peaks of the un-

polymerized sodium acrylate monomers in the precursor [31,32].

Furthermore, in the FT-IR spectroscopy, the peaks around 1175 cm-1

observed in both sodium polyacrylate and SAP spectra were at-

tributed to the stretching vibration of -CO-O- in acrylic acid, align-

ing with the findings from SSNMR. XPS characterization of both

samples (Figs. 1c and d) also yielded the same conclusion: The

main component of SAP was sodium polyacrylate.

Fig. 1. (a) FTIR spectra of standard sodium polyacrylate and commercialized SAP. (b) 13CNMR spectra of standard PAA and commercialized SAP. (c) SAP and (d) PAA XPS

characterization. (e) Schematic diagram of SAP swell and release of H2O2.
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As shown in Fig. S1 (Supporting information), the surface of the

un-swelling SAP exhibited a rough texture, and numerous pores

were present on the SAP surface, with pore sizes generally dis-

tributed between 25μm and 70μm. This porous structure facili-

tated the rapid expansion and absorption of SAP, thereby enhanc-

ing its swelling coefficient [33].

In order to evaluate the swelling and absorption properties of

SAP in relation to hydrogen peroxide, along with its subsequent

release capability, an experimental investigation was conducted in

accordance with the outlined procedure depicted in Fig. 1e and

Fig. S2 (Supporting information). As depicted in Fig. S3 (Supporting

information), the solid mass (ms) of the swollen SAP escalates with

prolonged swelling duration. Notably, after 60min, the increase in

ms becomes marginal, and by 120min, it remains unchanged. Con-

sequently, a duration of 2h was deemed optimal for the swelling

experiment. As described in the supporting information, the mass

of H2O2 in SAP and the mass of H2O2 in the solution were de-

termined by colorimetry, and detailed related steps were listed in

Supporting information and Fig. S4 (Supporting information). The

strength of SAP’s ability to swell and absorb hydrogen peroxide

was characterized by the dissolution coefficients swelling ratio (SR,

by Eq. S1 in Supporting information) and absorption factor (Eq. S2

in Supporting information). The SR is defined as the mass of solu-

tion that can be absorbed per unit mass of SAP. The AF is defined

as the mass of H2O2 that can be absorbed per unit mass of SAP.

The cumulative release fraction of H2O2 was used to investigate

the H2O2 release process in SAP. Where the final cumulative re-

lease fraction (fe) denotes the ratio of the mass of H2O2 released

from SAP to the total mass of hydrogen peroxide in SAP after the

equilibrium release of SAP, and is calculated as Eq. S3 (Supporting

information); the cumulative release fraction at time t (ft) denotes

the ratio of the mass of H2O2 released from SAP to the total mass

of hydrogen peroxide in SAP at time t, and is calculated as Eq. S4

(Supporting information). Similarly, when investigating release ki-

netics, the experiment assessed release duration via the variation

in the cumulative release rate, denoted as ft. As depicted in Fig. S5

(Supporting information), during the release process in ultra-pure

water, ft exhibits a continuous increase over time, plateauing

around 120min with negligible further alteration. Consequently,

2 h was designated as the duration for the release experiment.

In the experiment, SAP was placed in H2O2 solutions of dif-

ferent mass fraction to observe its swelling process and record

its absorption of H2O2. As illustrated in Fig. S6 (Supporting infor-

mation), after complete swelling in H2O2 solution, the mass and

volume of SAP significantly increased. The experimental results,

as shown in Fig. 2a, indicated that as the concentration of H2O2

solution increased, the SR of SAP decreased from 299.76 g/gsap to

203.20 g/gsap. As illustrated in Fig. 2b, with the elevation in H2O2

concentration, the mass of H2O2 absorbed per unit mass of SAP

increased. The corresponding AF, calculated as per Eq. S2, for the

mass of H2O2 absorbed per gram of SAP, correspondingly rose from

14.68 g/gsap to 63.16 g/gsap.
To investigate the transport, storage, absorption, and release

performance of H2O2 with SAP as supporter under different tem-

perature conditions, SAP was placed in various temperature envi-

ronments and observed its absorption and release behavior with

H2O2 solution. As shown in Fig. 2c, when the ambient tempera-

tures were 4, 20, 30, and 40 °C, the AF of SAP for 20% H2O2 so-

lution (20-SAP) remained nearly unchanged. Simultaneously, under

different temperature conditions, 50mg of SAP was swollen and

absorbed in a 20% H2O2 solution and the swollen SAP was placed

in 30mL of deionized water at 20 °C. When H2O2 reached a bal-

ance between absorption and release, the final cumulative release

fraction of H2O2 (fe, by Eq. S3) in Fig. 2d showed no significant

variation. Therefore, swelling H2O2 at different temperatures did

not affect the release process of H2O2 from SAP. Similarly, the ex-

periment also investigated whether temperature changes during

the release process would affect the release of H2O2 in SAP. As

shown in Fig. 2e, the fe of 20-SAP showed no significant change

under different temperature conditions. Through differential ther-

mal analysis (DTA) experiments on 20-SAP and SAP swelling with

H2O, as shown in Fig. S7 (Supporting information), it could be

observed that compared to SAP swelling with H2O, 20-SAP has a

higher temperature for the thermal absorption peak and exhibited

two distinct thermal absorption peaks. This indicated that SAP has

a certain temperature-stabilizing effect on H2O2 [34]. Based on the

Fig. 2. (a) SR of SAP in different mass fraction of H2O2 solutions. (b) AF of SAP in different mass fraction of H2O2 solutions. (c) AF of SAP swollen 20% H2O2 at different

temperatures. (d) The percentage of H2O2 released at 20 °C, by 20-SAP obtained by swelling and absorption at different temperatures. (e) The percentage of H2O2 released

at different temperatures by 20-SAP obtained by swelling and absorption at 20 °C. (f) The percentage of H2O2 released after different treatment methods.
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experiment above, SAP could absorb and release H2O2 solutions

under different temperature conditions with good versatility.

In the actual transportation process of H2O2 solution, the po-

tential risk of explosion existed due to factors such as friction

and collision, leading to the accelerated decomposition of H2O2.

To simulate the transportation process, 20-SAP was placed on a

shaker. Under constant temperature conditions at 30 °C with os-

cillation speed of 160 rpm/min, the morphological changes of SAP

and the release of H2O2 after treatment was observed. As depicted

in Fig. S8 (Supporting information), when subjected to static con-

ditions, the structural integrity of the swollen SAP remained in-

tact for a duration of 7 days, following which notable liquefaction

occurred. The mechanical structure of SAP could be maintained

for >3 days under continuous vigorous oscillation conditions. As

shown in Fig. 2f, the fe of 20-SAP after oscillatory and static treat-

ments was slightly reduced compared to normal conditions. As

shown in Fig. S9 (Supporting information), the 20-SAP subjected

to oscillation for 3 days still exhibited the capability to the degra-

dation of rhodamine B (RhB) through the Fenton reaction, and its

degradation performance showed no significant difference com-

pared to the statically treated 20-SAP. The degradation effect was

comparable to that of untreated 20-SAP. In the oscillation process,

H2O2 could undergo spontaneous decomposition, resulting in a

slight decrease in the fe of SAP. And during the decomposition pro-

cess, radicals from H2O2 could be generated, damaging the chemi-

cal bonds of SAP and causing structural breakdown. Therefore, os-

cillation does indeed have a certain degree of impact on the stabil-

ity of SAP. However, based on the experimental results mentioned

above, storing H2O2 with SAP can meet the transportation require-

ments for a certain distance. In addition, given modern transporta-

tion, 3 days is enough to safely transport H2O2 around the world.

H2O2, as a highly hydrophilic substance, served both as a donor

and acceptor of hydrogen bonds. Hydrogen bonding, being an in-

dispensable force of interaction, could potentially be one of the

factors influencing both the absorption of H2O2 by SAP and the

structural stability of SAP itself. To test this hypothesis, NaF was

employed to disrupt the hydrogen bonding between SAP and H2O2

including NaCl in the control group for comparison. F- could break

the hydrogen bonds between O atom and H atom, forming hydro-

gen bonds between F and H [35]. If hydrogen bonding is the main

factor facilitating SAP in absorbing H2O2, the binding affinity be-

tween SAP and H2O2 would probably decrease significantly with

the addition of F−. As a result, more H2O2 is likely to be released

from the SAP. 5-SAP, 10-SAP, 20-SAP, and 30-SAP were placed in

30mL of deionized water containing 1×10–4 mol NaF or NaCl. Ac-

cording to the results in Fig. 3a, there was no significant difference

in the fe of different SAP. This indicated that NaF did not result in

a greater release of H2O2 and hydrogen bonding could not be the

key factor for SAP to absorb H2O2. On the other hand, the fe of

each SAP sample showed an increasing trend after the addition of

inorganic salts during the H2O2 release process.

To further investigate the impact of inorganic salts on SAP-

mediated H2O2 release, Na2SO4 and KF were dissolved as solutes

in the water environment where SAP released H2O2. For differ-

Fig. 3. (a) The final cumulative release fraction (fe) of 5-SAP, 10-SAP, 20-SAP, and 30-SAP in different inorganic salt solutions. (b) The change of solid and liquid mass when

20-SAP is released in different inorganic salt solutions. (c) The change of solid and liquid mass when 20-SAP is released in different concentrations of NaCl solutions. (d)

The percentage of H2O2 released in different concentrations of NaCl solutions by 20-SAP. (e) The percentage of H2O2 released in 30mL of different solvents by 20-SAP. (f)

Changes in ω0, ωSAP, and ωsolution, in the process of swelling of SAP in varying mass fraction of H2O2. (g) SR of SAP in different H2O2 salt solutions. (h) AF of SAP in different

H2O2 salt solutions. (i) SAP absorption swelling 20% hydrogen peroxide cycle test.
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ent SAP samples, the fe was highest when Na2SO4 was used as

the solute. Simultaneously, there was no significant difference in

fe between the KF experimental group and the NaCl experimental

group, ruling out the influence of cations. In the Na2SO4 solution,

the number of solute particles per unit volume was 1.5 times that

of KF/NaCl/NaF solution according to the stoichiometric ratio of

substances. The number of particles in the solution greatly affects

the osmotic pressure of the solution relative to the hydrogel. Ac-

cording to van’t Hoff’s osmotic pressure law, the osmotic pressure

of a solution was directly proportional to the number of solute par-

ticles. As seen in Fig. 3b, the mass of 20-SAP decreased after the

addition of inorganic salts and same phenomenon existed in SAP

that swells with other mass fraction of H2O2 solution (Fig. S10 in

Supporting information). Combining the results from Figs. 3a and

b, when there were more particles in the environmental solution,

water in the SAP was more likely to be released. At the same time,

the higher the mass of water lost from the SAP, the higher fe of

SAP. Therefore, the conclusion could be drawn that the osmotic

pressure of the environmental solution was an important influenc-

ing factor in the process of SAP releasing H2O2. Therefore, osmotic

pressure was likely a key factor influencing the SAP-mediated H2O2

release process. To further verify that osmotic pressure was a cru-

cial factor influencing the process of SAP absorption and release of

H2O2, experiments were conducted to measure the fe of H2O2 by

20-SAP in NaCl solutions of different concentrations. As shown in

Figs. 3c and d, with an increase in the concentration of added NaCl,

the mass loss of 20-SAP mass became more pronounced, and the

fe of H2O2 from 20-SAP also raised accordingly.

Depending on the results above, 20-SAP was further placed in

30mL of different polar solvents, including acetonitrile, ethanol,

and methanol. As shown in Fig. 3e, in these experiments, the fe
of H2O2 from 20-SAP was significantly higher than its release in

deionized water. Meanwhile, the solid mass of 20-SAP after re-

lease in acetonitrile, ethanol, and methanol was only about 3% of

the initial mass. This further indicated that the difference in os-

motic pressure was the primary driving force for the release of

H2O2, rather than hydrogen bonding. While these three solvents

possess the capacity to establish hydrogen bonds with both wa-

ter and H2O2, experimental results (Fig. S11 in Supporting informa-

tion) indicate that SAP does not exhibit swelling behavior in these

solvents. Therefore, during the process of H2O2 release, acetoni-

trile, ethanol, and methanol are unable to penetrate the interior of

SAP, leading to a continuous osmotic pressure difference between

the inside and outside of SAP. Therefore, SAP needed to continu-

ously release ions and H2O2 to achieve osmotic balance inside and

outside. This resulted in the substantial release of H2O2 and H2O

from SAP.

According to the Flory-Huggins thermodynamic theory [36], the

water absorption performance of SAP depended on three key fac-

tors: (1) The number of charges fixed on SAP when it was not

swollen and the osmotic pressure difference with the external so-

lution; (2) the affinity between SAP and the solution; (3) the cross-

linking density of SAP. The first part of this theory closely aligns

with the observed results in the experimental findings depicted in

Figs. 3a and b. The number of the fixed charges in SAP will affect

the degree of SAP swelling. Simultaneously, the quantity of par-

ticles inherent in SAP and the particle count in the surrounding

solution will significantly impact the osmotic pressure factor. The

second part of this theory was consistent with the experimental

results in Fig. S11; SAP has low affinity for acetonitrile, ethanol, and

methanol. Therefore, swelling does not occur. At the same time,

due to the osmotic pressure difference that always existed in the

system and the hydrogen bonding between these three solutions

and H2O, H2O and H2O2 in SAP were continually released.

The experiment also investigated the influence of salts on the

absorption process. During the swelling and absorption process of

SAP in different mass fraction of H2O2 solutions, the mass fraction

of H2O2 in the original solution (ω0), the mass fraction of H2O2

in SAP after swelling absorption (ωSAP), and the mass fraction of

H2O2 in the remaining liquid (ωsolution) were calculated. As shown

in Fig. 3f, the trends of these three parameters were generally con-

sistent. When the solute particles in the exogenous solution consist

solely of H2O2, the osmotic pressure is related only to the con-

centration of H2O2 particles in the solution. Therefore, at the end

of the swelling absorption process, when osmotic pressure equi-

librium is reached, the concentration of H2O2 inside and outside

the SAP is the same and corresponds to the mass fraction of the

initially added hydrogen peroxide solution.

In 30mL of H2O2 solutions with different H2O2 mass fractions,

1×10–4 mol of NaCl, NaF, Na2SO4, and KF were added. SAP was

then introduced into these solutions, and swelling absorption was

carried out for 2h. As shown in Fig. 3g, the SR decreased with

the increase in the external osmotic pressure. In deionized water,

the SR is the highest, reaching up to 299.76 g/gsap. Conversely, the

lowest SR was observed in the 30% H2O2 solution with the addi-

tion of Na2SO4, decreasing by 52.26% compared to SR in deion-

ized water. The trend of the AF also exhibited a similar change,

with SAP showing a significant reduction in AF for solutions of

various H2O2 mass fraction upon the addition of inorganic salts

(Fig. 3h). Taking a 30% hydrogen peroxide solution as an exam-

ple, the mass of hydrogen peroxide absorbed per unit mass of SAP

decreased by 35.68% after the addition of Na2SO4. After swelling

in solutions with different ions, the SAP was characterized by in-

frared spectroscopy. As shown in Fig. S12 (Supporting information),

there were no significant differences in the characteristic peaks of

functional groups such as C=O and -OH. This indicates that the

introduction of ions does not affect the functional groups of SAP,

nor does it affect the swelling ratio of SAP through changes in

ion functional groups. This further confirmed that osmotic pressure

was the main driving mechanism for SAP absorption and release of

H2O2.

The quantity of H2O2 within the hydrogel can be regulated by

osmotic pressure, implying that the stored H2O2 can continuously

be released and absorbed. Therefore, the subsequent experiments

validated the recyclability of the SAP in absorbing and releasing

H2O2. As shown in Fig. 3i, during four cycles of absorbing and re-

leasing H2O2, SAP exhibited excellent stability. In these four cycles

of experiments, the mass of released H2O2 by SAP showed only mi-

nor differences each time. On the other hand, the mass of SAP un-

derwent regular changes with the absorption and release of H2O2.

Scanning electron microscope (SEM) and FT-IR characterization of

the post-cycle SAP revealed that changes in SAP before and after

the cycle experiment were negligible. As shown in Figs. S13a and b

(Supporting information), the size of SAP remained around 50μm,

consistent with pre-experiment measurements (Fig. S1). The FT-IR

characterization of SAP before and after the cyclic experiment is

presented in Fig. S13c (Supporting information), where the tensile

vibration peak of SAP methylene (-CH2-) was enhanced post-cycle.

This enhancement is likely due to hydrogen peroxide reacting with

residual double bonds in SAP, causing chain scission, creating and

exposing additional -CH2- groups, thereby intensifying the peak.

And the mass variations of SAP in each cycle of the experiment

were similar (Fig. S14 in Supporting information), providing indi-

rect evidence of the stability of SAP during the cyclic experiments.

The relationship between the cumulative release fraction of

H2O2 (ft, by Eq. S4) in swollen SAP and time was also investigated.

Theoretically, osmotic pressure could lead to the sustained release

of H2O2 in SAP. To analyze the mechanism of H2O2 release in

SAP, this study drew inspiration from three commonly used mod-

els in pharmacokinetic research: The first-order kinetic model, the

Hixson-Crowell cube root model, and the Higuchi kinetic model

[37]. As illustrated in Fig. 4a, the Hixson-Crowell cube root equa-
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Fig. 4. (a) Hixson-Crowell cube root model kinetic release of H2O2. (b) The mass

of H2O2 stored in the 50mg hydrogel during the cycle experiment (ω(H2O2)=20%).

(c) Removal efficiencies of RhB (8mg 20-SAP+5mg FeSO4·7H2O) in different pH

solutions ([RhB]=20mg/L). (d) Removal efficiencies of RhB (8mg 20-SAP+5mg

FeSO4·7H2O) in different inorganic salt solutions ([Inorganic salt]=10mmol/L,

[RhB]=20mg/L); and removal efficiencies of sulfadiazine (9.9mg 30-SAP+10mg

Fe-MoS2 and 9μL 30-SAP+10mg Fe-MoS2) in a 10mg/L sulfadiazine solution.

tion demonstrated the best dynamic fitting performance during

the sustained release phase, with an R² value reaching 0.970. The

Hixson-Crowell cube root equation indicated that during the re-

lease process, the diameter or volume of solid particles changed

over time, consistent with the observed increase in volume dur-

ing SAP release. In contrast, the R² values for the first-order ki-

netic model and the Higuchi kinetic model were relatively lower

(Fig. S15 in Supporting information), indicating poorer fitting per-

formance. Overall, the Hixson-Crowell cube root model aligned

better with the process of SAP releasing H2O2. And The release

characteristics are related to the initial mass fraction of hydrogen

peroxide, specifically referring to the concentration difference of

hydrogen peroxide inside and outside the SAP [37,38]. As the con-

centration difference increases, the release rate also increases. As

shown in Fig. S5, during the release process of 30-SAP, the initial

release rate is very fast. However, as the concentration difference

between the inside and outside of the SAP decreases, its release

rate also decreases.

The above experimental results indicated that SAP could effec-

tively store H2O2, and the stored H2O2 could gradually release un-

der conditions of low external osmotic pressure. Leveraging this

characteristic of SAP, H2O2 swelling SAP could be utilized in ad-

vanced oxidation processes and bacterial deactivation procedures.

The experiment initially validated the actual release of H2O2

from SAP and its reaction with substances in the environmental

solution through the degradation of the model pollutant RhB. This

had significant implications for the widespread application of the

Fenton reaction in the degradation of organic compounds. In the

experiment, 20-SAP (containing 7.5 μL of H2O2 solution from 20%

H2O2) and 5mg FeSO4·7H2O were added to a 100mL solution of

20mg/L RhB. As shown in Fig. 4b, the degradation rate of RhB

reached 100% within 30min under conditions. And when NaCl,

Na2SO4, and NaNO3 were added to RhB solution, it was found

that the degradation effect was not significantly different com-

pared with that without inorganic salts. This is because both the

8mg of 20-SAP and the amount of hydrogen peroxide used are in

very small quantities relative to the 100mL of organic pollutant so-

lution being degraded. The release equilibrium is rapidly achieved

regardless of the presence of inorganic salts, and hydrogen perox-

ide continues to be released from the SAP only as it is consumed

during the reaction.

However, degradation rate of RhB decreased under alkaline con-

ditions, attributed to the precipitation formed by the reaction be-

tween Fe2+ and OH- under alkaline conditions, hindering the ef-

fective activation of H2O2 for the degradation of organic pollutants.

Upon the addition of various salts in Fig. 4c, it was observed that

NaCl, Na2SO4, and NaNO3 had minimal impact on the degradation

process. The addition of NaHCO3, NaH2PO2, and Na2CO3 signifi-

cantly impacted the degradation of RhB. This was be attributed to

the introduction of inorganic salts causing a variation in the pH

of the reaction system. Furthermore, the incorporation of differ-

ent anions could lead to the transformation of free radicals in the

degradation system into radicals with lower oxidative capabilities.

Simultaneously, anions also deactivated due to their reaction with

Fe2+ [39]. As illustrated in Fig. S16 (Supporting information), this

is consistent with the homogeneous Fenton reaction.

Additionally, experiments combined 20-SAP with Fe2+ to de-

grade organic pollutants such as AO7, malachite green, methy-

lene blue, crystal violet, and phenol using the Fenton reaction. As

shown in Fig. S17 (Supporting information), there was no signifi-

cant difference in the degradation of various organic pollutants be-

tween the addition of 20-SAP and the direct addition of hydrogen

peroxide solution. This suggests the potential application of H2O2

stored by SAP in Fenton reactions.

Previous research has shown that adopting a strategy of “small

amount for multiple times” H2O2 feeding way not only developed

the degradation rate of model pollutants but also significantly im-

proved the utilization of H2O2 [40]. The SAP swelling with H2O2

solution demonstrated a characteristic of controlled H2O2 release

in deionized water. This sustained release was beneficial for grad-

ually providing oxidants in Fenton and Fenton-like reactions. As

shown in Fig. 4d, the degradation rate of sulfadiazine was signif-

icantly increased by the SAP+Fe-MoS2 system compared with the

one-time addition of H2O2 (H2O2+Fe-MoS2), and the degradation

rate reached 2.6 times.

The controlled release function of SAP for H2O2 demonstrated

an ideal effect in the process of long-term sterilization and dis-

infection. In this study, the paper disc diffusion method was em-

ployed as the method to evaluate the sterilization effect. As shown

in Figs. 5a and b, when 200μL of 1×109 CFU/mL Escherichia coli

(E. coli) suspension was added to the TSA culture medium, both

the H2O2 filter paper disc and the SAP filter paper disc formed

clear and visible inhibition zones on the culture medium after 48h.

The areas of the inhibition zones for both were approximately the

same. To verify the long-term sterilization effect of SAP, the filter

paper discs were taken out of the culture medium at 72h and then

swabbed with 100μL of Luria-Bertani broth. After 144h of observa-

tion, it was found that the inhibition boundary line of the TSA cul-

ture medium with the H2O2 filter paper disc became blurry, and

there were obvious colonies within the previous inhibition zone

(indicated by the yellow circle in the image), SEM image of E. coli

bacterial colonies was shown in Fig. S18 (Supporting information).

However, in the case of the SAP filter paper disc, the boundary line

remained clear, and no bacterial colony was observed within the

inhibition zone. This shows that SAP has the advantage of long-

term antibacterial.

To further confirm the long-term antibacterial effect of SAP

with swelling H2O2, pre-treated filter paper discs were left in the

environment for 6h and then placed on TSA agar supplemented

with 500μL of 1×109 CFU/mL bacterial suspension. The growth of

bacterial colonies in the agar was observed over time. After 48h,

the TSA agar treated with SAP filter paper discs exhibited clear in-

hibitory zones, while the TSA agar treated with H2O2 filter paper

discs did not show significant inhibition. Continuous observation

revealed that, even after 96h of cultivation, the TSA agar treated
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Fig. 5. (a) The bactericidal effect of 20-SAP and 20% H2O2 filter paper tablets for

48h at 20 °C constant temperature. (b) After 72h of sterilization, 100μL of Luria-

Bertani broth was added to TSA medium for 144h of sterilization effect. (c) The

treated filter paper tablets were placed on 1×109 CFU/mL TSA medium with 500μL

added, and sterilized at a constant temperature of 20 °C. (d) Image of sterilizing

demarcation line microscope. (e) SEM image of E. coli after treatment.

with SAP filter paper discs still displayed distinct inhibitory zones.

In contrast, the TSA agar treated with H2O2 filter paper discs ex-

hibited abundant bacterial colonies, as illustrated in Fig. 5c. Pho-

tographs of the antibacterial zone boundaries treated with 20-SAP

in Fig. 5c were captured using the Olympus IX73 microscope, as

shown in Fig. 5d, revealing a clear boundary line of light and dark.

The densely packed E. coli is observed on the dark side, while the

bright side represents the interior of the antibacterial zone, where

E. coli is no longer observable. The characterization of bacterial

states in TSA culture medium through SEM reveals that, under the

influence of H2O2, bacterial cells exhibit fragmentation, as illus-

trated in Fig. 5e.

To validate the broad applicability of storing H2O2 in hydro-

gels, in the follow-up experiment of this subject, the hydrogel pre-

pared by acrylonitrile and acrylic ester (a kind of children’s toy,

bubble beads) was used for hydrogen peroxide storage. As shown

in Fig. S19 (Supporting information), bubble beads also absorb the

expanding hydrogen peroxide solution. At the same time, the SR of

this commercial hydrogel decreases, and the AF increases with the

increase of the absorbed hydrogen peroxide mass fraction. When

this swollen commercial hydrogel is placed in ultra-pure water, the

swollen hydrogel can still be released in the water.

In summary, hydrogels have been successfully employed for the

storage of H2O2, demonstrating the capability to sustained release

H2O2 through osmotic pressure without the need for additional

stabilizers. H2O2 can maintain long-term stability within the hy-

drogel. After three days of agitation, SAP continued to effectively

apply the sustained release of H2O2 in Fenton reactions, exhibit-

ing equivalent performance to statically stored SAP. The hydrogel

has been able to maintain its morphology under continuous vig-

orous oscillation conditions over a period of 3 days and can be

stabilized under static conditions for >7 days, which meets the

requirements for long-term transportation and storage. The mech-

anism of SAP storage and sustained release of H2O2 is mainly re-

lated to the osmotic pressure of the surrounding solution, ensuring

the free and recyclable storage and release of H2O2 in the hydro-

gel. Furthermore, the sustained release effect of H2O2 in SAP has

been demonstrated to exhibit advantages in Fenton reactions and

long-term bacterial inactivation. The effective storage of H2O2 in

hydrogels addresses the transportation challenges associated with

H2O2 and the sustained release effect of H2O2 from hydrogels is

expected to significantly enhance its utilization efficiency and pro-

mote its application in complex environments. Therefore, the stor-

age of H2O2 in hydrogels has the potential to impact various fields,

including agriculture, healthcare, biology, environment protect and

so on.
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