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Abstract 16 

Hybrid hydrogel was synthesized by immobilizing TiO2 in polyethylene glycol 17 

diacrylate (TiO2@PEGDA) as an efficient adsorbent with photocatalysis property for 18 

bisphenol A (BPA) elimination. TiO2@PEGDA exhibited spherical and rough 19 

structure with limited crystallinity and abundant functional groups. The contact angle 20 

was 61.96°, indicating that TiO2@PEGDA is hydrophilic. The swelling capacity of 21 

TiO2@PEGDA (9.0%) was decreased compared with pristine PEGDA (15.6%). 22 

Adsorption results demonstrated that the maximum adsorption capacity of 23 

TiO2@PEGDA (101.4 mg/g) for BPA was slightly higher than pristine PEGDA (97.68 24 

mg/g). The adsorption capacity was independent with pH at pH ＜  8.0, and 25 

decreased obviously when the value of pH was higher than 8.0. The adsorption 26 

behavior was fitted well with the pseudo-second-order kinetic and the Freundlich 27 

isotherm model. Both ΔG0 and ΔH0  were negative, indicating that BPA adsorbed on 28 

TiO2@PEGDA was an exothermic and spontaneous process. Regeneration study was 29 

performed by photocatalysis, and the adsorption capacity was 85.6% compared with 30 

the initial capacity after four cycles of illumination, indicating that TiO2@PEGDA 31 

could be recycled without significant loss of adsorption capacity. Consequently, 32 

TiO2@PEGDA can serve as an eco-friendly and promising material for efficiently 33 

adsorbing BPA with self-clean property. 34 

Keywords Adsorption · Bisphenol A · Hybrid hydrogel · TiO2 ·  Photocatalysi35 

s · Regeneration 36 

37 
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Introduction 38 

Bisphenol A (BPA), as one of the most widely used endocrine disruptors, has attracted 39 

public attention in recent years since it can disrupt physiological function by 40 

mimicking natural hormone effect. Many studies have recognized that BPA may put 41 

adverse effect on reproductive function (Wang et al. 2021), obey (Biemann et al. 42 

2021), cancer (Almeida et al. 2021; Sundarraj et al. 2021) and cardiovascular disease 43 

(Moon et al. 2021). Furthermore, BPA has been shown to elicit toxicity to plants 44 

(Ashfaq et al. 2018). As an important monomer, BPA is widely applied, and inevitably 45 

released into natural sources like soils (Xu et al. 2021), sediments (Liu et al. 2021), 46 

drinking waters (Santhi et al. 2012) and surface waters (Chakraborty et al. 2021). 47 

Consequently, it is necessary to study appropriate methods for BPA removal. 48 

Adsorption is one of the most effective technologies for removing a wide range of 49 

pollutants (Mpatani et al. 2021). Hydrogel adsorbents, as a new kind of adsorbent 50 

materials, have been widely used to eliminate BPA in water, showing super high 51 

adsorption capacity (Chen et al. 2019), fast adsorption equilibrium (Zhou et al. 2019) 52 

and wide pH-independence (Du and Piao 2018). BPA adsorbed on β cyclodextrin 53 

(β-CD)/hydroxypropyl methylcellulose hydrogel yielded maximum capacity of 14.6 54 

mg/g (de Souza and Petri 2018), and that was 30.77 mg/g for β-CD grafted cellulose 55 

bead (Lin et al. 2019). Carbon/MCM-41/alginate hydrogel exhibited superior 56 

adsorption capacity for BPA as high as 222.32 mg/g at 50 °C (Marrakchi et al. 2021).57 

Although these hydrogels can achieve ideal adsorption capacity, poor regeneration 58 

limits their application because of used adsorbents are classified as hazardous waste 59 

materials. In order to overcome the problem of solid wastes generation, solvent 60 

extraction is often used to regenerate BPA from used adsorbents. Organic solvents are 61 
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the most favorite regeneration liquids due to their high solubility for BPA than acid or 62 

alkali solutions (Zhou et al. 2019). However, regeneration liquids still belong to liquid 63 

pollutants that have to be treated before disposal.  64 

Photocatalysis is one of the most commonly used advanced oxidation technologies, 65 

and it can mineralize a wide range of pollutants. This process use atmospheric oxygen 66 

as oxidant, and can be carried out under ambient condition. Thus, immobilizing 67 

photocatalytic materials in hydrogel adsorbents is regarded as an extremely effective 68 

method to solve regeneration issue (Zhu et al. 2018), avoiding second pollution which 69 

derives from used adsorbents or regeneration liquids. Furthermore, it is easy and 70 

convenient to immobilize inorganic photocatalytic materials into hydrogels for 71 

preparing hybrid adsorbents. 72 

Polyethylene glycol diacrylate (PEGDA), one of the representative 73 

photo-cross-linkable monomers, can be cross-linked under UV irradiation in several 74 

minutes. We introduced TiO2 nanoparticles into PEGDA hydrogel by solution mixing 75 

in one step for the purpose of fabricating hybrid hydrogels with the property of 76 

self-clean regeneration. These added TiO2 have two roles: (1) as binding agent to 77 

adsorb BPA, and (2) as photocatalyst to eliminate BPA under UV exposure for 78 

regeneration. 79 

80 

Materials and methods 81 

Chemicals and materials 82 

Light mineral oil, 2-hydroxy-2-methylpropiophenone (HMPP), PEGDA (MW 575) 83 

and BPA were purchased from Sigma-Aldrich (USA). Span 80, Tween 20 and TiO2 84 
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were purchased from Aladdin Chemical Co. (China). Deionized water was used 85 

throughout this work.  86 

Synthesis of TiO2@PEGDA 87 

Solution mixing is utilized to prepare hybrid hydrogel, which involves homogeneous 88 

dispersion of inorganic material in monomer solution followed by polymerization. 89 

The preparation process of TiO2@PEGDA was displayed in Fig. 1. First, TiO2 90 

solution was mixed with PEGDA to obtain homogeneous dispersion of TiO291 

throughout PEGDA matrix, and photoinitiator HMPP (1 v%) was mixed together. 92 

Then the final mixture acted as water phase was dripped into oil phase for oscillation 93 

to form droplets. In order to obtain stable droplets, Span 80 (1 v%) and Tween 20 (1 94 

v%) were added into oil phase. Then these droplets were exposed under UV 95 

irradiation of 365 nm (B-100AP, UVP, USA) for 3 min to ensure sufficient 96 

cross-linking, and solid hydrogels were obtained. They were centrifuged from oil and 97 

washed with detergent to removal oil and unreacted monomers. To evaluate the effect 98 

of TiO2, three different concentrations were used: 1‰, 1% and 10 wt%. The ratio of 99 

TiO2 and PEGDA in water phase was 1:2 (v/v). Light polymerization mechanism 100 

consists of three stages: initiation, propagation and termination. Firstly, the initiator 101 

HMPP is decomposed into primary radicals under UV exposure, and these radicals 102 

swap out H from –OH to form alkoxy radicals. Then alkoxy radicals react with a 103 

molecule of monomer (PEGDA) to form the first radical, and the radical reacts with 104 

other PEGDA to induce chains growth. Finally, polymer chains will terminate when 105 

all the monomers are depleted. 106 
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Oscillation

Solid TiO2@PEGDAHydrogel precursor
 dripped into oil phase

UV irradiation

Dropplets in the oil

TiO2PEGDA HMPP

107 

Fig. 1  Diagram for the synthesis of hybrid hydrogels (TiO2@PEGDA) 108 

Characterization of TiO2@PEGDA 109 

Hybrid hydrogels were coated with gold to form a thin layer, and imaged by SEM 110 

(JSM-7800F, Prime, Japan) under vacuum at 15 kV. FTIR spectrum was scanned 111 

from 4000 to 400 cm−1 with a resolution of 1 cm−1 (Nicolet iS5N, Thermo fisher, 112 

USA). Before detection, the powder mixture of ground sample and KBr was 113 

compressed into a transparent disk. The crystalline structure was detected by XRD 114 

(D/max 2500, Rigaku, Japan) in a range of 2θ = 10–80 ° with Cu Kα radiation (λ = 115 

1.5406 Å, 40 kV, 200 mA). The hydrophilicity was measured by contact angle 116 

measuring instrument (OCA200, Dataphysics, Gemany). 117 

Swelling property 118 

Swelling property was determined by gravimetric method. Accurate weighed 119 

hydrogels were immersed in 5 mL of water for totally swollen, and then dried the 120 

surface water of these water-saturated hydrogels with paper. The swelling ratio was 121 

calculated by Eq. (1).  122 
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Where Wwet and Wdry stand for the mass of wet and dry hydrogels, respectively.  124 

BPA adsorption in water 125 

Adsorption experiments were conducted at 25 °C. Ten milligram of TiO2@PEGDA 126 

was mixed well with 2 mL of BPA (25 mg/L or 500 mg/L) in deionized water by 127 

continuous shaking. After equilibrium time, unreacted BPA was separated from the 128 

hydrogels by centrifugation, and the equilibrium adsorption capacity (qe, mg/g) was 129 

measured by Eq. (2).  130 

V
m

CC
q e

e

)( 0                              (2) 131 

Where C0 and Ce (mg/L) stand for the initial and the equilibrium concentration of 132 

BPA, respectively. V (mL) and m correspond to the volume of BPA solution and the 133 

mass (mg) of the hydrogels, respectively.  134 

BPA was quantified by HPLC which equipped with UV–vis detector (276 nm) and 135 

C18 column. The mobile phase was composed of deionized water and acetonitrile (50 136 

v% : 50 v%) with the flow rate of 1.0 mL/min at 30 ℃.  137 

Photocatalysis regeneration of used TiO2@PEGDA 138 

The regeneration tests were operated by photocatalysis and repeated for 5 times. 139 

BPA-saturated TiO2@PEGDA was light-triggered (500 W Xenon lamp) for 3 h until 140 

BPA was totally degraded. Afterwards, the regenerated hydrogels were used for next 141 

fresh BPA (500 mg/L) adsorption in deionized water. The regeneration efficiency was 142 

calculated by Eq. (3).  143 



8 

%100
,

, 
ie

re

q

q
RE (3) 144 

Where qe,r and qe,i stand for the equilibrium adsorption capacity of regenerated and 145 

initial hydrogels, respectively. 146 

All the experiments were repeated three times for errors reduction. 147 

148 

Results and discussions 149 

Characterization of TiO2@PEGDA 150 

It can be clearly seen in Fig. 2a that the surface of pristine hydrogels was smooth, but 151 

it became rough when 10% TiO2 added (Fig. 2b), offering much higher surfaces for 152 

BPA to get inside and combine with the active sites. XRD spectras were presented in 153 

Fig. 3, and pristine PEGDA hydrogel exhibited a broad but strong diffraction peak 154 

around 2θ = 21°, indicating that PEGDA was amorphous with limited crystallinity. 155 

TiO2@PEGDA exhibited anatase phase marked at 25.6°, which was in good 156 

according with TiO2 standard card (JCPDS card No. 65-2448), indicating that TiO2157 

were successfully immobilized on PEGDA matrix. FTIR was detected in order to 158 

identify functional groups presented on the adsorbent surface. Fig. 4 showed various 159 

chemical bonds in pristine PEGDA, including –OH (the absorbance bands at 3318 160 

cm−1), C–H (2871 cm−1), C=O (1734 cm−1) and C–O (1106 cm−1). The intensity of 161 

broad absorption band at 3318 cm−1 disappeared obviously in TiO2@PEGDA, 162 

indicating that H-bonding interaction was involved in the formation of hybrid 163 

hydrogel. The contact angle of pristine PEGDA was 46.73°, and it became 61.96° 164 

towards TiO2@PEGDA, showing that the hydrophilicity of the hydrogel decreased 165 
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after TiO2 were introduced, further indicating that the hydrophilic groups were 166 

involved in the formation of TiO2@PEGDA.167 

(a) (b)

1 µm 1 µm
168 

Fig. 2 SEM. a Pristine PEGDA. b TiO2@PEGDA  169 
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Fig. 3 XRD spectras of TiO2, pristine PEGDA and TiO2@PEGDA 171 
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Fig. 4 FTIR spectras of pristine PEGDA and TiO2@PEGDA173 

Swelling property  174 

The influence of TiO2 on the swelling property of the hydrogels was operated in 175 

deionized water and the results were shown in Fig. 5. The swelling ratios were 176 
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15.60%, 13.40%, 11.96% and 9.00% corresponding to the amount of TiO2 0, 1‰, 1%, 177 

and 10% after equilibrium time, respectively. Pristine hydrogel exhibited the biggest 178 

swelling capacity, while hydrogels containing the most TiO2 had the smallest. By 179 

increasing the concentration of TiO2, there was a reduction in the swelling ratio, may 180 

owing to the higher cross-linking density resisted the diffusion of water into the 181 

system, because TiO2 can be acted as cross-linking agent during synthesis process 182 

(Glass et al. 2018), and thus cross-linking degree was enhanced. On the other hand, 183 

the number of hydrophilic groups in the hydrogel can make a key role in water 184 

absorbency ability. Hydroxyls in PEGDA were consumed during preparation of 185 

hybrid hydrogels by introducing TiO2, hence reduced hydroxyls led to decrease the 186 

water absorbency, because as hydrophilic group, hydroxyls were easily attract water 187 

molecules. In this work, the water uptakes of both pristine PEGDA and 188 

TiO2@PEGDA were much lower than other common hydrogels as summarized in 189 

Table 1. PEGDA acted both as monomer and cross-linking agent during preparation, 190 

which may leading to the highly polymerization degree of PEGDA-based hydrogels.  191 
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Fig. 5  Swelling ratio of the hydrogels with different amount of TiO2 loaded 193 

194 

Table 1  Swelling ratio of various hydrogels in deionized water 195 

Hydrogel adsorbents Smax (%) References 

Cellulose/acrylamide/acrylic acid about 7500 (Dai et al. 2019) 

Acrylic acid 11768 (Liu et al. 2019) 



11 

Cellulose 1500 (Kumar et al. 2019) 

Polyethylene glycol 4670 (Van den Broeck et al. 2019) 

PEGDA  15.60 This work  

TiO2@PEGDA 9.00–13.40 This work 
Smax: swelling degree after equilibrium. 196 

Adsorption study 197 

Effect of TiO2198 

The influence of TiO2 on the adsorption capacity was investigated. Hybrid hydrogels 199 

adsorption towards BPA maintained the same with pristine hydrogel until the amount 200 

of TiO2 increased to 10%, demonstrating a slightly higher adsorption capacity (101.40 201 

mg/g) than pristine PEGDA (97.68 mg/g). Addition of TiO2 made the surface of 202 

hydrogel rough, resulting in an increase of the adsorb active sites. And TiO2 itself has 203 

the ability to adsorb BPA (Hunge et al. 2021). The following adsorption experiments 204 

were conducted using TiO2@PEGDA as adsorbent with 10% TiO2 added. 205 
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206 
Fig. 6 Effect of TiO2 on BPA adsorption (BPA = 500 mg/L) 207 

Effect of pH  208 

The solution pH controls the adsorption process of various pollutants, since it not only 209 

changes the surface charge of adsorbents, but also affects the 210 
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protonation/deprotonation of pollutants according to their pI. Fig. 7 showed that the 211 

adsorption ability of TiO2@PEGDA towards BPA capacity was stable under acidic 212 

and neutrality condition, and until pH＞8.0, it decreased obviously from 4.92 mg/g to 213 

3.71 mg/g, indicating that alkaline environment was not conducive to adsorbed BPA 214 

by the hydrogels. When pH increased to above 9.0, BPA will be in its deprotonation 215 

form because pI of BPA is 9.6–10.2 (Kuo 2009), and thus it is difficult for 216 

TiO2@PEGDA hydrogel to adsorb bisphenolate anions due to repulsive electrostatic 217 

interactions. 218 
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)

pH219 
Fig. 7  Effect of pH on BPA adsorption (BPA = 25mg/L) 220 

221 

Effect of time and kinetics study222 

The changes of BPA adsorption capacity according to reaction time was displayed in 223 

Fig. 8a. It was rapid for BPA adsorbed on TiO2@PEGDA at the first 6 min and 224 

became slower later. The capacity remained stable after 12 min, and the equilibrium 225 

absorption capacity was 4.92 mg/g. At the initial process, the adsorption active sites 226 

were abundant for catching BPA, and they were gradually occupied until reaching 227 

balance. 228 

For investigating the kinetic characteristic, pseudo-first-order model and the 229 

pseudo-second-order model were used for analyzing adsorption process. 230 
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The pseudo-first-order model is written by Eq. (4). 231 

tKqnl)qq(nl 1ete                          (4) 232 

Where qt and qe (mg/g) stand for the adsorption capacity at any given time and 233 

equilibrium time, respectively. K1 is the rate constant (1/min). Both qe and K1 can be 234 

calculated from the intercept and slope of the plot of ln (qe−qt) versus t, respectively.  235 

The pseudo-second-order model is presented by Eq. (5). 236 

e

2

e2t q

t

qK

1

q

t
                           (5) 237 

Where K2 (g/(mg·min)) stands for the rate constant of the pseudo-second-order model. 238 

BPA adsorption kinetic parameters were shown in Table 2. According to the 239 

correlation coefficients, the pseudo-second order model (R2 = 0.9990) was more 240 

suitable for BPA adsorption process than the pseudo-first model (R2 = 0.4202), 241 

indicating that the adsorption rate is proportional to the square of the number of 242 

unoccupied sites on TiO2@PEGDA, and the functionality plays the major role in 243 

adsorption rather than the structural characteristic of the hydrogels. Furthermore, qe,cal244 

(4.90 mg/g) calculated by the pseudo-second order kinetic model was much closer to 245 

the experimental capacity (qe,exp = 4.92 mg/g).  246 
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Fig. 8  a Effect of time on BPA adsorption (BPA = 25 mg/L). b Pseudo-second-order model 248 

fitting 249 

250 
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Table 2 BPA adsorption kinetic parameters 251 

Kinetic models qe,cal (mg/g) K1 (1/min) K2 (g/(mg·min)) R2

Pseudo-first-order model  1.87 0.12 / 0.4202 

Pseudo-second-order model 4.90 / 0.48 0.9990 
252 

Effect of initial concentration and adsorption isotherms   253 

Fig. 9 showed the trends of qe at different given concentration of BPA. The adsorption 254 

capacity was improved significantly with increased initial concentration, and the 255 

values of qe were 4.92, 9.45, 20.14, 40.29, 61.78, 101.40, 155.02 and 174.58 mg/g, 256 

respectively. It is easy for BPA molecular to overcome mass transfer resistance 257 

between solution and hydrogel adsorbent at higher concentration due to its larger 258 

driving force. The hydrogels showed high adsorption capacity, indicating that 259 

TiO2@PEGDA is a favorable alternative to adsorb BPA. 260 

The Langmuir and the Freundlich model were adopted for studying adsorption 261 

isotherms. Eq. (6) and Eq. (7) explain the linear isotherm model for Langmuir and 262 

Freundlich, respectively. 263 

The Langmuir model: 264 

max

e

Lmaxe

e

q

C

Kq

1

q

C
                        (6) 265 

Where qmax (mg/g) stands for the maximum equilibrium adsorption capacity and KL266 

(L/g) corresponds to the adsorption equilibrium constant.  267 

The Freundlich model: 268 

Fee KlnCln
n

1
qln                      (7) 269 

Where n is the number of active sites of TiO2@PEGDA required for one BPA to 270 

adsorb, and KF ((mg/g)(L/mg)1/n) corresponds to the adsorption equilibrium constant. 271 
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The parameters of adsorption isotherms were presented in Table 3. As we can see 272 

from correlation coefficient R2, adsorption process fitted well to the Freundlich model 273 

(R2 = 0.9879), indicating that the interaction between adsorbed BPA and 274 

heterogeneous surfaces of TiO2@PEGDA mainly functioned. And it was favorable 275 

for BPA adsorbed on TiO2@PEGDA as 1/n was bigger than 1.  276 
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Fig. 9  a Effect of initial concentration on BPA adsorption. b Freundlich isotherm model 278 

279 

Table 3 The isotherm model parameters 280 

Freundlich isotherm Langmuir isotherm 

KF (mg/g)(L/mg)1/n 5.68 qmax (mg/g) 5.55 

1/n 1.13 KL (L/g) 0.084 

R2 0.9879 R2 0.8155 

281 

Effect of temperature and thermodynamic parameters 282 

In order to study thermodynamic characteristics, adsorption experiments were 283 

conducted at 277, 298 and 313 K. Thermodynamic parameters, including Gibbs free 284 

energy (ΔG0, kJ/mol), Enthalpy (ΔH0, kJ/mol) and Entropy (ΔS0, kJ/(mol·K)) were 285 

calculated as follows. 286 

0
RTlnKG –0 △                              (8) 287 
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RT

H

R

S
lnK 0

00 △△


                            (9) 288 

000 += STGH △△△                            (10) 289 

Where R (8.314 J/(mol·K)) and T (K) correspond to the universal gas constant and the 290 

solution temperature, respectively. K0 (L/mol) can be calculated from the slope of the 291 

plot of ln (qe/Ce) versus Ce.  292 

The results were shown in Table 4. The values of ΔG0 were –2.95, –2.99 and –3.03 293 

at 277 K, 298 K and 318 K, respectively. These negative values indicated that it was a 294 

spontaneous process when BPA adsorbed on TiO2@PEGDA, and rather than the 295 

chemical adsorption, the physical adsorption was the primary mechanism. The value of 296 

ΔH0 was negative also, reflecting that it was an exothermic adsorption, thus the 297 

adsorption ability weakened with elevated temperature as presented in Fig. 10. The 298 

positive ΔS0 indicated that randomness was increased at the adsorbed 299 

BPA-TiO2@PEGDA surface during the adsorption process. 300 

Table 4  Thermodynamic parameters for BPA adsorbed on TiO2@PEGDA 301 

T (K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (kJ/(mol·K)) 

277 –2.95 –2.46 0.0018 

298 –2.99 

318 –3.03 
302 
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Fig. 10 Effect of temperature on BPA adsorption 304 
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Photocatalysis regeneration of TiO2@PEGDA for repetitive use 305 

As mentioned before, a major advantage of TiO2 immobilization on the hydrogels as 306 

filler is its eco-friendly recovery. After the first adsorption, the BPA-adsorbed 307 

hydrogels were collected, and left to UV illumination for in-situ photocatalytic 308 

oxidation to desorb BPA from hybrid hydrogels. Afterwards, the same hydrogels were 309 

used for next fresh BPA adsorption process. The result was presented in Fig. 11. In the 310 

first and the second adsorption cycles, complete removal of BPA occurred. After the 311 

third cycle, decrease in adsorption efficiency was evident, but it still stayed at a 312 

satisfactory level of 92.5% relative to initial adsorption capacity. Further decrease was 313 

seen in the forth cycle (85.6%). Such decline for adsorption efficiency could be 314 

attributed to generated by- and end-product of photocatalysis on hydrogels’ surface in 315 

previous cycles, which blocking active sites and thus resisting the further adsorption. 316 
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Fig. 11 Reusability of TiO2@PEGDA 318 

319 

Conclusions 320 

Hybrid hydrogel TiO2@PEGDA were fabricated by light polymerization. The surface 321 
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of spherical hydrogels was rough due to the introduced TiO2. They exhibited limited 322 

crystallinity and various functional groups. Due to the presence of TiO2, the 323 

adsorption capacity was slightly increased, whereas swelling property was decreased. 324 

The adsorption capacity decreased obviously at pH ＞  8.0, and improved 325 

significantly by increasing the initial concentration of BPA. The adsorption process 326 

was fitted well with the pseudo-second-order kinetic and the Freundlich isotherm 327 

model. Thermodynamic data proved that BPA adsorbed on TiO2@PEGDA was 328 

spontaneous and exothermic. BPA was degraded from adsorption-saturated hybrid 329 

hydrogels under UV light irradiation, and the regenerated TiO2@PEGDA can be 330 

repeatedly used for several cycles without significant adsorption capacity loss. We 331 

wish this work will encourage further studies of hybrid hydrogels with 332 

self-regeneration property for efficient and eco-friendly elimination of BPA. 333 
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