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A B S T R A C T

Superabsorbent polymer (SAP) is widely used as an internal curing agent for cement-based ma
terials. It is also a polymer that can potentially age over time, and the aging products may release 
microplastic pollution, but this has not been paid attention to. This work investigated the aging 
behaviour of SAP in both cement paste and simulated cement pore solution (CPS) for 70 d by the 
measurement of swelling ratio, particle size distribution, infrared spectroscopy, 1H nuclear 
magnetic resonance, and thermogravimetric analysis. Results showed that the SAP in cement 
paste was aged, its ester groups decreased, carboxylate groups changed, and the aged SAP particle 
became difficult to re-swell. The molecular structure of SAP aged in CPS underwent significant 
alterations compared to the raw SAP and that aged in deionized water, with the ester groups 
nearly disappearing and carboxylate increasing significantly. SAP aged in CPS fragmented 
from100–300 μm into smaller particle sizes ranging from 0.1 to 200 μm. Compared to the raw 
SAP, its mean value decreased by 38.3 %, and its swelling ratio decreased by 46.9 % when tested 
in CPS. The aged SAP particles were difficult to re-swell due to the formation of cross-linking 
between –COO- groups and cement hydration products through cations, such as Ca2+. The re
sults indicate that the aging of SAP in cement-based materials is inevitable, and the aging 
products may release as potential microplastic pollution. Therefore, the aging behaviour of SAP 
cannot be ignored.
Synopsis: Superabsorbent polymer is a widely used agent in cement-based materials and also a 
potential aging polymer. Its aging products may leak into environmental systems and cause 
microplastic pollution. This study investigated the aging behavior of SAP and proposed that the 
aging of SAP in cement-based materials leads to the loss of internal curing and self-healing 
functions, with the aging product releasing microplastic pollution.

1. Introduction

Microplastic pollution has aroused great attention in recent years [1–3]. Some of them are plastic fragments (<5 mm in length [4, 
5]) generated by the aging and disintegration of polymers such as polypropylene, polyurethane, polyacrylonitrile, polystyrene, pol
ycarbonate, polyethylene, and polyester [6–8]. Most studies on microplastic pollution were focused on water ecosystems and soil 
environments, such as fishery activities [9,10] and agricultural plastics [11–13]. These microplastics can enter the human circulatory 
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system directly through the food chain, contaminating drinking water and sea products [14–17], resulting in a serious threat to human 
health [18–20]. Furthermore, microplastics have even been detected in human blood vessels [21,22]. However, there are few reports 
on microplastic pollution caused by the potential release of organic substances in cement-based materials, such as internal curing agent 
[23–25], organic viscosity enhancing admixture and superplasticizer [26,27]. And these cement-based materials, such as water pipes 
and dams, may be in direct contact with drinking water, coastal, and groundwater environments.

Superabsorbent polymer (SAP) is a commonly used organic internal curing agent for cement-based materials [23–25]. It can adsorb 
water hundreds of times its weight, providing water absorption-release capabilities during cement hydration [23]. Thus it effectively 
mitigates the autogenous shrinkage of cement-based materials with a low water-to-cement ratio (w/c) [24]. This can be attributed to 
its special molecular structure. Firstly, it is a macromolecular compound and its molecular chain contains polymerized acrylates to 
form macromolecules with strong hydrophilic functional groups such as carboxyl (—COO—), hydroxyl (—OH), and a large number of 
ionizable cations that can be ionized in water [28–30]. Secondly, repulsive forces between groups with the same polarity cause SAP to 
expand after water absorption [29,30]. In a solution environment, SAP particles expand and form three-dimensional networks with 

Fig. 1. Materials and sample preparation (A: Particle size distribution, B: SAP particles before and after swelling, C: Aged SAP in cement paste, D: 
Procedure of the experiment for testing the aging behavior of SAP in CPS).
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low crosslinking to achieve high water absorption [25,30]. The lower the crosslinking degree, the higher the pore size of the cross
linking network, and the higher the water absorption ratio [30,31]. Thus, SAP can store a significant amount of water and gradually 
release it to mitigate autogenous shrinkage as an organic internal curing agent in cement-based materials [23–25]. In addition, it can 
also serve as a self-healing additive of cracks due to the uptake of water penetrating a crack in concrete [32,33].

Meanwhile, SAP is a macromolecular polymer that has the potential to degrade over time. In other fields, Ai et al. [30] reported that 
the SAP degraded gradually after 35 d in the soil, and its water retention effect had been greatly reduced according to field mea
surements. In the field of cement-based materials, it was also found that Ca2+ ion was trapped within the SAP polymer, resulting in a 
reduction in the swelling after water absorption [24]. Meanwhile, some SAP were split when a crack occurred but it was still bonded to 
the cement matrix [32]. However, it remains uncertain whether SAP ultimately ages in cement-based materials and whether the aged 
SAP would still be capable of effectively reabsorbing water. This could lead to a decrease or even a complete loss of its internal curing 
and self-healing effects. Furthermore, its degradation may accelerate as the service life of the concrete structure prolongs, leading to 
the release of microplastic pollution. Considering that multitudinous concrete structures, such as water pipes and dams, are in direct 
contact with drinking water and coastal areas, the potential microplastic pollution caused by aged SAP leaked from cement-based 
materials cannot be ignored. It may pose a risk to the safety of the surrounding water environment and human health.

Previous research on SAP in cement-based materials mainly focused on its internal curing function. However, research is lacking on 
SAP aging behavior in such materials, the re-swelling ability of aged SAP, and the potential microplastic pollution risks posed by aging 
products. Thus, the SAP in cement paste after 70 d of curing was extracted, and then the molecular structure was analyzed using 
methods such as infrared spectroscopy (IR), 1H nuclear magnetic resonance (1H NMR) and thermogravimetric analysis (TG). Mean
while, various simulated cement pore solutions (CPS) were developed in this work to minimize errors caused by soluble materials 
derived from cement paste. Then, the aging behavior of SAP in CPS was investigated over a period of 70 d to provide a reference for 
exploring the mechanisms of aging in cement-based materials and the possible release of microplastic pollution.

2. Materials and methods

2.1. Materials

In this paper, P•I 42.5 Portland cement with a specific surface area of 340 m2/kg was offered by China United cement Co., Ltd. The 
commercial SAP, a sodium acrylate type of polymer, supplied by Weng Jiang Chemical Reagent Co., Ltd was chosen in this work. The 
particle size distribution of SAP and cement is shown in Fig. 1A. The morphology of SAP particles before and after swelling is shown in 
Fig. 1B. To compare the aged SAP obtained from cement paste with the aged SAP from CPS, the deionized water was used as the mixing 
water.

2.2. Sample preparation

To explore the aging behavior of SAP in cement-based materials, the SAP was extracted from cement paste after 70 d curing, as 
shown in Fig. 1C. First, the SAP content used in casting paste was determined based on fluidity, setting times, and homogeneity. 
Cement and SAP particles were mixed before adding water. Subsequently, the cement paste was mixed with water and then cured for 
70 d. In this part, the w/c was 0.5, the SAP content was 0.0 %, 0.1 %, 0.4 %, and 1.0 % by mass of cement, and the test ambient 
temperature was 23 ± 2 ◦C. Afterwards, the aged SAP particles were extracted mainly based on a previous report [25]. Then, the SAP 
particles were washed five times with deionized water and ethanol, and dried in a vacuum at 40 ± 2 ◦C for 48 h before conducting the 
IR and 1H NMR tests.

Fig. 1D shows the schematic representation of the sample preparation and testing process for studying the aging behavior of SAP in 
solutions. It was also found that Ca2+ ions was trapped within the SAP polymer, resulting in a reduction in the swelling after water 
absorption [24]. Based on this, we designed three simulated solutions with varying concentrations of Ca2+ ions, the deionized water 
(DW), simulated cement pore solution (CPS: NaOH 0.10 mol/L, KOH 0.32 mol/L, Ca(OH)2 0.01 mol/L), and saturated Ca(OH)2 (CH) 
solution, which correspond to Ca2+ concentrations of 0, 0.01, and 0.02 mol/L, respectively. Firstly, SAP particles were added to DW, 
CPS and saturated CH, respectively. After being placed at 23 ± 2 ◦C for 70 d, SAP was washed five times with deionized water and 
ethanol to eliminate soluble impurities. Subsequently, the sample was dried in a vacuum at 40 ± 2 ◦C for 48 h before the tests. 
However, it was worth noting that the aged SAP in saturated Ca(OH)2 solution for 70 d was hardly able to absorb water again to 
achieve re-swelling. Therefore, the properties of extracted SAP, including those aged in deionized water (A-DW) and aging in CPS 
(A-CPS), were assessed through the swelling ratio test, particle size distribution measurement, TG, IR, and 1H NMR.

2.3. Homogeneity of SAP in cement paste

It is crucial to determine the optimal SAP content in the study of extracting aged SAP from cement paste. Thus, the homogeneity of 
SAP at 0.0 %, 0.1 %, 0.4 %, and 1.0 % contents in paste was determined based on setting times, fluidity, and distribution [34,35]. 
Setting times of paste were tested according to the Chinese national standard GB/T1346–2011 [36] using a Vicat Apparatus and a w/c 
of 0.254. The fluidity of pastes was measured with a w/c of 0.5 according to the Chinese national standard GB/T8077–2000 [37]. 
Then, the homogeneity of SAP in cement paste was observed using a light microscope. The pastes were prepared with a w/c of 0.5, and 
then poured into a 2 × 2 × 2 cm3 mold. After 24 h, they were demolded and then cured at 23 ± 2 ◦C for 7 d. Subsequently, the internal 
morphology and distribution of SAP in cement pastes were observed.

L. Gu et al.                                                                                                                                                                                                              
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2.4. IR spectrum

To explore the aging behavior of SAP in cement-based materials, we recorded IR spectra of raw SAP and SAP extracted from cement 
paste and aged in various solutions to analyze its molecular structure changes before and after aging. The IR spectroscopy was per
formed on an EQUINOX 55 (Brucker) spectrometer. The raw SAP and aged SAP particles were washed five times with deionized water 
and ethanol to remove soluble impurities. Then, the samples were dried in a vacuum at 40 ± 2 ◦C for 48 h, and finally ground into 
powder for the IR tests. The frequency range was 400–4000 cm− 1 with 4.0 cm− 1 resolution and the samples were scanned 64 times.

2.5. 1H NMR spectrum

1H NMR was also used to study the molecular structure changes of SAP during aging in cement-based materials. The 1H NMR 
spectra of raw SAP and the SAP extracted from cement paste and aged in various solutions (extraction method in Section 2.4) were 
recorded to analyze structure alterations. The samples were ground into powder, and 0.10 g of the powder was mixed with 0.55 ml of 
deuterium oxide (D2O). The 1H NMR in D2O was performed on a Bruker 400 M nuclear magnetic resonance analyzer and the samples 
were scanned 64 times at 23 ± 2 ◦C.

2.6. Swelling

The swelling properties of SAP before and after aging were tested using the tea-bag method [24,31,39] to investigate whether aged 
SAP will still be capable of reabsorbing water effectively. Dry SAP particles (m1) about 1.00 g were placed at the bottom of the tea-bag 
(m2), which had been pre-wetted with the testing solvents, including deionized water, tap water, CPS and Ca(OH)2 saturated solution. 
The tea-bag containing SAP was soaked into the different testing solvents for 1 h, and then the swollen tea-bag was suspended in the air 
for 10 min. Finally, the tea-bag was weighed (m3). The swelling ratio (Q) can be calculated according to Eq. (1). At least three in
dividuals within one batch of tea-bags and test solvent were performed. 

Q =
m3 − m2 − m1

m1
(1) 

2.7. Particle size distribution

To further investigate whether aged SAP splits and whether the size of its degraded fragments poses a potential risk for microplastic 
pollution, the particle size distribution of raw SAP and aged SAP was analyzed. The particle size distribution of SAP particles was 
measured by a LS230 laser diffraction particle size analyzer. In the test of raw materials, deionized water and alcohol were used as 
dispersion media, and only alcohol was used as a dispersant in the particle size test of the SAP aged in solution.

2.8. TG analysis

The thermal decomposition process in polymers is closely related to their molecular structure [31]. To further investigate the 
mechanisms of changes in SAP’s swelling properties and particle size, TG analysis was performed on raw and aged SAP (extracted 
following Section 2.4). This aimed to study the thermal decomposition and molecular structure evolution of the SAP. The TG was 
measured by a Netzsch STA 409 thermal analyzer at an atmosphere of oxygen-free nitrogen. The testing temperature range was 
30–900 ◦C with a heating rate of 10 ◦C/min.

3. Results and discussion

3.1. Aging behavior of SAP in cement paste

To investigate the aging behavior of SAP in cement paste, the appropriate SAP content was determined for the paste. The optimal 
dosage of SAP varies although many scholars have explored its role in cement. It was reported that 0.5–1.0 % [25] can store and release 
the absorbed water to provide the internal curing performance. 1.0 % SAP effectively sealed cracks in cementitious materials and 
resulted in a reduction of water runoff per unit time by 52–72 % [32]. Liu et al. [33] also found that 28.4 wt% SAP can facilitate the 
plugging of microcracks through percolation theory. But more SAP results in a less homogeneous cement paste. In this study, the 
setting times and fluidity of cement paste mixed 0.0 %, 0.1 %, 0.4 %, and 1.0 % SAP were tested, and the homogeneity of SAP in the 
hardened paste was observed. Furthermore, the molecular structure of SAP extracted from paste was also tested using IR spectra and 
1H NMR spectra.

3.1.1. Homogeneity of SAP in cement paste
Fig. 2A and B display the setting times and fluidity of cement paste with various contents of SAP. On the whole, the setting times 

and fluidity decrease with the increase of SAP content, and the setting times comply with the Chinese national standard GB175–2020 
[38]. The initial and final setting times of the 1.0 % SAP group were reduced by 52 min and 33 min, respectively, compared with the 
control. The addition of 1.0 % SAP reduced the fluidity of paste from 224 mm to 202 mm. SAP absorbs some of the water in fresh paste, 
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which results in a reduction of free water. Consequently, this leads to a reduction in the effective w/c for pastes, so the addition of SAP 
(< 1 %) shortens the setting times and reduces the fluidity of cement paste.

Fig. 2C exhibits the diagram of the SAP distribution in cement paste. The apparent porosity of cement-based materials can be 
directly observed [40]. In the control group, there are circular pores with a diameter of 0.5–2.0 mm in the paste, resulting from air 
bubbles. In the pastes with SAP, there are also smaller pores, and their shape is more closely related to the shape of SAP particles. These 
characteristics can help to distinguish between pores formed by SAP particles and air bubbles. The SAP particles are evenly distributed, 
and the particle diameter is about 0.20–0.25 mm in the 0.1 % SAP group. However, a very poor uniformity of particle distribution and 
increased number of air bubbles are observed in the paste with the 0.4 % and 1.0 % SAP. Based on the above results, the 1.0 % SAP 
group was selected for further investigation of the aging behavior of SAP in cement paste.

3.1.2. IR spectra of SAP before and after aging in cement paste
To further explore the aging behavior of SAP in cement paste, IR spectra of raw SAP and SAP extracted from cement paste were 

recorded to analyze the change of their molecular structure. The SAP used in this work is a synthetic sodium acrylate polymer. As 
shown in Fig. 3A, in the IR spectrum of raw SAP, the bands at 3590 cm− 1 and 3280 cm− 1 correspond to the O–H bond in free water and 
bound water, respectively [31,41,42]. Peaks around 1720 cm− 1 and 1115 cm− 1 are related to the stretching vibration of the C––O 
bond [29] and the C–O bond [43] in the ester group (–COOC–), respectively, indicating the existence of the ester group. The strong 
bands around 1573 cm− 1 and 1408 cm− 1 are considered to be related to the carboxylate group (–COO-) [31,44,45]. The peak at 
870 cm− 1 is related to the out-of-plane bending vibration of the C–H bond of unsaturated olefins (–CH=CH2–) in the SAP molecule 
[46].

However, Fig. 3A also shows that the IR spectrum of SAP extracted from cement paste is different from that of raw SAP. The O–H 
bonds emerge into one wide peak at around 3425 cm− 1, and their intensity is increased compared to the raw SAP, implying more free 
water and bound water were generated in the SAP extracted from cement paste. Peaks at 1720 cm− 1 and 1115 cm− 1 are significantly 
reduced, indicating the reduction in the –COOC– group [29,43] and the reduction in the degree of crosslinking in aged SAP. Spe
cifically, the peak at 1573 cm− 1 related to –COO- group [31,44,45] decreases and shifts to 1673 cm− 1, while the peak at 1408 cm− 1 

increases and shifts to 1420 cm− 1. This suggests that the types of carboxylate groups may change during the aging process of SAP in 
cement paste. In addition, the new peaks appearing around 968 cm− 1 and 874 cm− 1 may be related to the C–H bond vibration of 
–CH=CH2– [46] in the aged SAP molecule. More unsaturated olefins may be formed due to the fracture and aging degradation of SAP 
molecular chains.

3.1.3. 1H NMR spectra of SAP before and after aging in cement paste
To further explore the evolution of the molecular structure of SAP during the aging process in cement, the 1H NMR spectra of raw 

Fig. 2. Homogeneity of paste mixed SAP (A: Setting times, B: Fluidity C: Distribution of SAP in paste).
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SAP and SAP extracted from cement paste were measured, and the results are presented in Fig. 3B. The raw SAP is a macromolecular 
compound, and its chemical shift at 1.03 ppm is related to incompletely polymerized –CH3 groups [47]. The peak around 1.22–1.48 
ppm is due to the –CH2– linked to the carboxylate (–CH2–CH–COO-) [47,48]. And the multiple peaks in this region are associated with 
the incomplete polymerization of sodium acrylate polymers with different molecular weights in commercial SAP. Peaks at chemical 
shift around 2.07 ppm and 3.51 ppm are derived from the –CH– directly connected to the carboxylate (–CH–COO-) [47,48] and –CH in 
the end alcohol [29], respectively. The peak at 4.00 ppm may be associated with ester-linked alcohol or carboxyl-linked alcohol 
(–O–H) [29] in SAP molecule.

Fig. 3B also displays the 1H NMR spectra of the SAP extracted from cement paste, and the cement interstitial pore solution was also 
tested to minimize the effects of soluble materials. In aged SAP, three peaks appear at approximately − 0.08, 1.06, and 3.54 ppm. This 
pattern differs from that of raw SAP but is similar to the 1H NMR spectrum of cement interstitial pore solution. Chemical shift around 
3.54 ppm may indicate the presence of –CH– in the end alcohol [29]. This result implies a significant change in the molecular structure 
of SAP extracted from cement paste. It is challenging for aged SAP particles to re-absorb D2O solvent, which makes it difficult to detect 
the presence of 1H in the molecular structure of aged SAP. The reduction swelling ratio in SAP occurred when a large quantity of Ca2+ is 
trapped within the SAP polymer [24]. In a solution environment, the –COO- groups in raw SAP become ionized while cement hydration 
products such as Ca2+ are generated. These Ca2+ ions may enter the SAP particles and cross-link with –COO- groups. The chemical 
bond with Ca2+ leads to an increment in the cross-linker density and the contraction of the SAP network. As a result, additional uptake 
of the D2O solvent is blocked, causing a reduction in the re-swelling of SAP.

The IR and 1H NMR results above indicate that, after 70 d in cement paste, the SAP particles aged. The ester group decreased, while 
the carboxylate group undergoes changed, converting into different types of aging products. Consequently, the aged SAP particles were 
difficult to re-swell and absorb water.

3.2. Aging behavior of SAP in solutions

To minimize errors caused by soluble materials derived from cement paste, various simulated cement pore solutions were prepared 

Fig. 3. IR and 1H NMR spectrum of raw SAP and SAP extracted from paste (A: IR, B: 1H NMR).
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in this study, including deionized water and CPS. Afterward, the aged SAP in the simulated cement pore solutions was obtained after 70 
d. Subsequently, their swelling properties and particle size were evaluated, and their molecular structures before and after aging were 
investigated by TG, IR, and 1H NMR.

3.2.1. Swelling property of the SAP aged in solution
To investigate whether aged SAP would still be capable of effectively reabsorbing water, we tested the swelling property of SAP 

before and after aging in the deionized water, tap water, CPS, and a saturated Ca(OH)2 solution, and the results are presented in Fig. 4. 
As shown in Fig. 4, the swelling ratio of raw SAP in deionized water, tap water, CPS, and saturated Ca(OH)2 is 179.6, 102.8, 33.7, and 
49.1 g/g, respectively. Overall, the swelling ratio of raw SAP decreases with the increase of ion concentration in testing solvents. 
Meanwhile, the A-CPS group and A-DW group almost presented a similar tendency as the raw SAP. This is because the higher ion 
concentration induces a lower water absorption in raw SAP [31,49].

Fig. 4 also shows that the swelling ratio of the A-DW group in all solvents is lower than that of raw SAP. Although SAP was 
considered to be a chemically stable plastic, the ions penetrate to achieve osmotic pressure equilibrium inside and outside SAP particles 
when SAP was placed in deionized water for 70 d. And it was reported that pH value and ion concentration of the solvent change after 
SAP swelling [31,49]. Therefore, long-term exposure to deionized water can also result in aging phenomena, such as reducing ion 
concentration in SAP, thus leading to a lower re-swelling ratio compared to that of raw SAP.

However, as shown in Fig. 4, the swelling ratio of the A-CPS group in deionized water is 227.6 g/g and 26.7 % higher than that of 
the raw SAP. This was because the CPS destroyed the SAP molecule structure, leading to the potential loss of ester groups. This resulted 
in a reduced crosslinking degree and an increase in the crosslinking network aperture. The lower the crosslinking degree, the higher the 
water absorption ratio [30,31]. Thus, the A-CPS group exhibits a higher swelling ratio in deionized water and tap water than raw SAP 
and A-DW group. However, the swelling ratio of the A-CPS group in saturated Ca(OH)2 solution is 50.3 % lower than that of the raw 
SAP, indicating that additional uptake of the electrolyte solution was blocked. The structure of the SAP molecules was destroyed by the 
alkaline solution environment, thereby the swelling ratio decreased significantly with the increase in ion concentration. The above 
results indicate that the aging of SAP also occurred in CPS, leading to a reduction in its swelling properties, and the morphology of raw 
SAP and A-CPS are shown in Fig. S1 and Fig. S2, respectively.

3.2.2. Particle size of the SAP aged in solution
To further investigate whether aged SAP splits and whether the size of its degraded fragments poses a potential risk for microplastic 

pollution, we analyzed the particle size distribution of aged SAP, and the result is presented in Fig. 5. As shown in Fig. 5A, most of the 
particles of raw SAP have a size around 100–300 μm, while in the A-DW and A-CPS groups, it is primarily around 10–200 μm. The 
particle size of aged SAP in both DW and CPS shifted towards smaller particles, while a new peak emerged around 0.1–10 μm. Fig. 5B 
shows that the mean and median particle size of raw SAP are 154.46 and 145.84 μm, respectively. Compared to the raw SAP, these 
values of the A-DW group are reduced by 40.8 % and 41.2 %, respectively, while in the A-CPS group, they are reduced by 38.3 % and 
48.0 %, respectively. It indicates that the structure of SAP particles was destroyed during the aging process, and some of the SAP 
particles were split into smaller fragments. The particle size of the aged product has partially decreased to around 0.1–200 μm, and it 
contains a significant number of fragments with particle sizes smaller than 1.0 μm, which may contribute to nano-microplastic 
pollution. If these fragments migrate into the surrounding environment, they pose a potential risk for microplastic pollution as the 
service life of the concrete structure extends.

3.2.3. TG of the SAP aged in solution
The process of thermal decomposition in polymers is closely related to their molecular structure. To further investigate the 

Fig. 4. Swelling property of SAP.
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mechanisms behind the changes in swelling properties and particle size, TG was conducted to examine the evolution of the molecular 
structure of SAP before and after aging. The TG curve of the raw SAP in Fig. 6 exhibits four distinct temperature regions with mass loss. 
The region below 150 ◦C is associated with the loss of free water and bound water [49]. The region between 265–540 ◦C indicates that 
SAP begins to partially decompose, probably related to the breakage of the crosslinked ester group (265–410 ◦C) and the side chains 
(410–540 ◦C) [31,49]. Mass loss observed after 640 ◦C is related to the breakdown of the backbone chain, indicating that SAP is 
essentially fully decomposed.

Fig. 5. Particle size distribution of SAP (A: Particle size distribution, B: Mean and median particle size).

Fig. 6. TG curve of SAP.
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The TG curves of the A-DW group and raw SAP are nearly identical, but the A-DW group contains more free water and bound water 
than the raw SAP. This finding is consistent with the swelling property results. In contrast to the raw SAP, the A-CPS group exhibited a 
significant reduction in the mass loss region before 150 ◦C and between 265–410 ◦C. It implies less free water and bound water in the 
A-CPS group, and the ester groups have almost disappeared after being aged in CPS for 70 d [31,49]. Furthermore, the enhanced mass 
loss observed after 640 ◦C, along with the shift of the decomposition temperature towards lower values, indicates that the backbone 
chain in the A-CPS group is more prone to breakage. More significantly, these results imply a reduced crosslinking degree of SAP after 
aging in the CPS, which can explain the change in its swelling property effectively.

3.2.4. IR spectra of the SAP aged in solution
To further explore the molecular structure change of SAP in a cement pore solution environment, the IR spectra of raw SAP, the A- 

CPS group, and the A-DW group were tested, and the results are shown in Fig. 7A. Compared to the raw SAP, the IR spectrum of the A- 
DW group in Fig. 7A shows a slightly different curve. The peak of the O–H bond around 3590 cm− 1 [31,50] moves towards shorter 
wavelengths, indicating more free water and bound water in the A-DW group are generated compared to the raw SAP. The intensity of 
peaks at 1720 cm− 1 and 1115 cm− 1 attributed to the –COOC– [29,43] has been reduced. Meanwhile, the peaks attributed to –COO- 

group at 1573 cm− 1 and 1408 cm− 1 [31,44,45] are significantly enhanced. Combined with the reduced ester group, it is concluded 
that the –COOC– was hydrolyzed to form –COO- group. This result indicates that some ester groups in the SAP aged in deionized water 
for 70 d were hydrolyzed into carboxyl groups.

Fig. 7A also shows that the IR spectrum of the A-CPS group is significantly different from that of raw SAP. The peak position of the 
O–H bond [31]. shifts to around 3415 cm− 1 and the peak intensity is intensified. The peaks at 1720 cm− 1 and 1115 cm− 1 attributed to 
the –COOC– group [29,43] almost disappeared. Meanwhile, the peaks at 1573 cm− 1 and 1408 cm− 1, which are attributed to the –COO- 

group [31,44,45] are increased and shifted from 1408 cm− 1 to around 1425 cm− 1, indicating an increment in the amount of carboxyl 
groups in the A-CPS group. Furthermore, the intensity of peak at 870 cm− 1 related to unsaturated olefins (–CH=CH2–) in SAP [46]
increases and the position shifts to around 890 cm− 1, indicating the generation of more –CH=CH2– bonds. This result indicates that the 
–COOC– group of SAP aged in CPS for 70 d was hydrolyzed to form large amounts of –COO- groups, and the amount of –CH=CH2– in 

Fig. 7. IR and 1H NMR spectra of aged SAP.
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the molecule increased. This finding is consistent with the TG results shown in Fig. 6.

3.2.5. 1H NMR spectra of the SAP aged in solution
The 1H NMR spectra of raw SAP, A-CPS group, and A-DW group were analyzed to evaluate the changes in molecular structure due 

to aging, and the results are presented in Fig. 7B. It shows that the 1H NMR spectrum of the A-DW group is very similar to that of the 
raw SAP, but the A-CPS group is significantly altered. Multiple peaks emerge in the region around 1.03–1.48 ppm and shift to 
1.40 ppm. The re-aggregation of various molecular weight polymers in the raw SAP in an alkaline solvent is likely the cause of this 
change [47,48]. Meanwhile, the peak shifting from 2.07 ppm to 1.98 ppm implies an increase in the carboxylate content [47,48]. The 
multiple peaks associated with the –CH– in the alcohol group around 3.51–3.40 ppm appear at 3.55 ppm [29] and the intensity are 
significantly reduced. This further demonstrates that the multimolecular weight polymer of raw SAP was re-polymerized in an alkaline 
solvent environment. Furthermore, the new peak appearing at 4.86 ppm may be related to the end alcohol group (–O–H) [29], 
indicating that A-CPS group may contain a certain amount of end alcohol groups. These results suggest that the molecular structure of 
SAP was slightly affected after aging in deionized water but significantly altered in CPS. The findings in 1H NMR analysis are also 
consistent with those from TG and IR curves.

3.3. General discussion of aging behavior of SAP in cement-based materials

SAP can store a significant amount of water in its network structure and gradually release the absorbed water to mitigate 
autogenous shrinkage as an internal curing agent in cement-based materials [23,25,51]. However, the results above indicate that SAP 
was ultimately aged in cement-based materials after 70 d. This aging behavior is significantly influenced by Ca2+ concentration and 
alkalinity of the solution.

In the deionized water, the Ca2+ concentration is low, approaching 0 mol/L. SAP allows the external deionized water to permeate 
the polymer until the osmotic pressure—generated by the concentration of ions both inside and outside the polymer—reaches 
equilibrium, as shown in Fig. 1B. This process is illustrated in Fig. 8. When cations migrate from the SAP to deionized water, the aging 
products in the deionized water exhibit a molecular structure similar to that of the raw SAP.

In the CPS with a Ca2+ concentration of 0.01 mol/L, SAP will form three-dimensional networks that absorb a significant amount of 
water and ionize –COO- groups and Na+ upon contact with the solution [28–30], as illustrated in Fig. 8A. Then, the external Na+ and 
K+ ions in the CPS solution enter the polymer until the osmotic pressure generated by the concentration of ions inside and outside the 
polymer reaches equilibrium. Subsequently, these –COO- groups react with Na+ and K+ ions to form new types of carboxylates. 
Meanwhile, the –COOC– groups are hydrolyzed in an alkaline solution, leading to the generation of –COO- and –OH groups, as shown 
in Eq. 2. Thus, the ester group of SAP nearly disappeared in the CPS, resulting in a significant reduction in the cross-linking degree. The 
water absorption capacity of SAP is related to the concentration of hydrophilic ions and the crosslinking structure [30,31]. This change 

Fig. 8. Aging behavior of SAP (A: SAP swells after absorbing water; B: SAP hydrolysis in the environment with low Ca2+ concentration; C: SAP 
crosslinked in the environment with high Ca2+ concentration; D: Aging and fragmentation of SAP particles in cement paste).
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led to an increased swelling ratio of aged SAP in deionized water but a decreased ratio in an electrolyte solution. Additionally, the large 
SAP particles were fragmented into smaller particles, as depicted in Fig. 8B. The morphology of SAP aging in CPS is provided in Fig. S2. 

(2)

In cement paste, the pore solution environment contains a higher Ca2+ concentration compared to that of CPS. These Ca2+ ions are 
continuously replenished from the solid phases. The ions in the cement pore solution, such as Na+, K+, and Ca2+, may enter the 
polymer. Subsequently, part of the Ca2+ ions crosslink with –COO- groups in SAP particles. Thus, the SAP crosslinked and shrank in the 
environment with a high concentration of Ca2+ ions as these ions are continuously dissolved and replenished during the cement 
hydration process, as shown in Fig. 8C. Moreover, with the continuous cross-linking of SAP, it becomes challenging for its aged 
products to absorb water and re-swell. Thus, the SAP hydrolyzes in environments with low Ca2+ concentration, while it crosslinks in 
environments with high Ca2+ concentration.

The results of this work indicate that the SAP ultimately ages in cement-based materials, and the aged SAP may not effectively 
reabsorb water. The internal curing and self-healing functions provided by SAP rely on their excellent swelling properties [32,33]. 
Consequently, there are certain concerns about whether SAP can still provide internal curing and self-healing functions in 
cement-based materials after a certain period, particularly after being hydrated for 70 d. Furthermore, the fragmentation of SAP may 
migrate outside the system along existing cracks as the service life of the concrete structure prolongs, as illustrated in Fig. 8D. This 
fragmentation can release microplastic pollution, posing a threat to the safety of the surrounding water environment and potentially 
impacting human health. This issue is particularly concerning for concrete structures that incorporate SAP, such as water pipes and 
dams, which come into direct contact with drinking water.

4. Conclusion

In this work, the aging behavior of SAP in cement paste and various solutions for 70 d was studied, and the re-swelling ability of 
aged SAP and its aging mechanism were analyzed by tests of swelling ratio, particle size distribution, TG, IR, and 1H NMR spectrum. 
The potential microplastic pollution risks posed by the aging products were also evaluated. Based on the experimental results above, 
the following conclusions are drawn: 

• In the range of SAP content less than 1.0 %, the setting times, fluidity, and homogeneity of the cement paste decrease with the 
increase of SAP content. The SAP particles in cement paste were aged, and its ester groups decreased, carboxylate groups changed, 
and the aged SAP particles were difficult to re-swell.

• The SAP aged in deionized water for 70 d shows slight aging. Compared with the raw SAP, its swelling ratio is slightly lower, and 
particle size decreases, with the mean and median particle size values reduced by 40.8 % and 41.2 %, respectively, compared to the 
raw SAP.

• After aging in CPS for 70 d, the SAP shows significant aging. Compared to the raw SAP, its swelling ratio in CPS decreases by 
46.9 %. The original 100–300 μm SAP fragments into 0.1–200 μm particles, with a new 0.1–10 μm peak emerging, making it a 
potential microplastic pollutant. Moreover, the mean and median particle size values decrease by 38.3 % and 48.0 % respectively, 
compared to the raw SAP. In terms of particle size, the mean and median values decline by 38.3 % and 48.0 % respectively. 
Moreover, the molecular structure of the aged SAP changes remarkably: ester groups nearly disappear, while the carboxylate 
content increases substantially.

The results indicate that the aging of SAP in cement-based materials is inevitable. The aging products cannot reabsorb water and 
swell as effectively as the raw SAP. As a result, after a certain period, the aged SAP may not be able to perform internal curing functions 
as the raw SAP. Moreover, the particle size decreases, making it a potential microplastic pollutant, and the cumulative release of these 
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microplastic pollutants may pose a threat to the surrounding environment. Considering that numerous concrete structures like water 
pipes and dams are in direct contact with drinking water, SAP should be used cautiously in these water-contact structures, and the 
potential microplastic pollution release caused by aged SAP deserves further investigation.
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