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A B S T R A C T   

Highly efficient remediation of bisphenols (BPs) contaminated wastewater by adsorption is intriguing but re
mains challenging. Herein, we present a starch-grafted-styrene hydrophilic porous resin (SGS-HPR) showing 
excellent BPs adsorption capacity, through simple graft copolymerization and then external knitting strategy. 
The typical influencing factors of graft copolymerization and external crosslinking processes were investigated 
systematically. A series of characterization experiments verified the successful fabrication of SGS-HPR and 
manifested that the optimum product, SGS-HPR7, possesses a hierarchical porous structure with strong hydro
philicity. The abundant presence of starch chain in SGS-HPR7, not only increased the hydrophilicity but also 
enhanced the adsorption affinity, making SGS-HPR7 exhibit remarkable removal ability toward BPs. The 
adsorption performance of SGS-HPR7 was studied systematically in static mode. The results showed that SGS- 
HPR7 can adsorb BPs quickly with a stable ability irrespective of the varying aqueous environments. Besides, the 
continuous adsorption and regeneration experiments were conducted using bisphenol A (BPA) as the model BPs. 
The adsorbed BPA can be efficiently desorbed by ethanol elution, and the regenerated SGS-HPR7 showed great 
recyclability. Interestingly, SGS-HPR7 also retained the superior adsorption capacity and marvelous regeneration 
ability in the continuous adsorption experiments. Further, according to theoretical calculation studies, the 
hydrogen-bonding and π-π stacking interactions involved mechanism was uncovered clearly. Collectively, this 
work provides a new convenient strategy to fabricate new highly hydrophilic bio-based adsorbent for BPs 
removal.   

1. Introduction 

Bisphenols (BPs) having a wide range of industrial applications as 
plastic monomers and plasticizers are detected most frequently in 
various aquatic environments [1,2]. These emerging organic pollutants 
are also known as typical endocrine disruptors, which bring risks to 
aquatic organisms, animals, and human beings [3]. Thus, remediation of 
BPs contaminated water has received increasing attention from the 
related environmental scientific communities. Currently, kinds of tech
nologies have been studied to remove BPs from aqueous solutions, 
including adsorption [4], membrane separation [5], photocatalytic 
degradation [6], biodegradation [7]. Among them, adsorption 

technology is a promising method to mitigate the BPs pollution in water 
due to its low-cost, high efficiency and simple methods of operation [8]. 
The fundamental and great challenge for adsorptive removing BPs from 
water is developing highly efficient adsorbents. Accordingly, various 
types of materials, such as carbon-based sorbents [9], metal organic 
framework [10,11], clay [12], porous silica [13] and porous organic 
polymers [14,15], have been developed for BPs adsorption. 

As one important subclass of porous organic polymer, hyper
crosslinked polymer (HCP) has attracted considerable interest for BPs 
removal because of its variable network structure, capability to trap 
small molecules and high physicochemical stability [16–18]. Of late, 
thanks to the Friedel-Craft alkylation based external crosslinking 
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method, various HCPs were synthesized using different aromatic blocks 
or monomers [19–21]. Among them, HCP knitted by polystyrene pre
cursor with external crosslinker is most promising for industrial appli
cation due to its low cost, easy preparation and highly porous structure 
[22]. Thus, environmental remediation using polystyrene-based HCP as 
adsorbent has attracted considerable academic and engineering interests 
recently. However, the intrinsic hydrophobic property of the aromatic 
backbone adversely affects the polystyrene-based HCP dispersing in the 
aqueous phase during the adsorption process. More importantly, the 
discrepancy between hydrophilicity of BPs and hydrophobicity of 
polystyrene-based HCP can impede the interaction between BPs and 
adsorbent, resulting in low affinity of polystyrene-based HCP toward 
BPs. In term of these aspects, it is necessary to develop polystyrene- 
based HCP with dispersion ability in water and high affinity for BPs, 
which is crucial for large-scale deployment of BPs treatment process 
using polystyrene-based HCP as adsorbent. 

Starch, one of the most abundant and inexpensive polysaccharides, is 
a typical natural matrix for fabricating bio-sorbent. Owing to the ad
vantages of eco-friendliness, renewability and biodegradability, starch 
shows great potential in the bio-sorption field. Specifically, kinds of 
starch-based adsorbents, including crosslinked starch [23,24], ether
ification starch [25,26], esterification starch [27] and starch-graft- 
polymers [28,29], have been developed for removal of emerging 
organic pollutants from wastewater. Fundamentally speaking, the 
glucose units of starch shows special affinity toward the specific ad
sorbates through the intermolecular hydrogen bonding interaction, 
thereby exerting an important role for enhancing the adsorption ca
pacity and selectivity. It is also worth noting that starch is more hy
drophilic than another ubiquitous polysaccharide, cellulose, making 
starch as a more suitable candidate for construction of hydrophilic 
composite adsorbents. 

Herein, to efficiently remove BPs from wastewater, we aim to 
fabricate starch-polystyrene based HCP, in which polystyrene-based 
HCP and starch will compensate for each other’s limitations, i.e., hy
drophobicity and poor porosity. More importantly, it is also anticipated 
that this porous composite can efficiently adsorb BPs through the syn
ergistic effect of hydrogen bonds and π-π interactions. To this end, 
starch-grafted-styrene composite (SGS) was first obtained by simple 
graft copolymerization method. The swollen network of SGS was then 
crosslinked by the methylene group through the Friedel-Crafts alkyl
ation, forming the permanent porosity. Owing to the imbedding of high 
hydrophilic starch chain, the as-prepared product exhibits strong water 
wet ability, so we define here as a starch-grafted-styrene composite 
hydrophilic porous resin (SGS-HPR). The synthesis procedure is shown 
in Scheme 1. To obtain the best performance of SGS-HPR, the typical 
influencing factors of graft copolymerization and external cross-linking 
process were investigated in turn. Through optimization, SGS-HPR with 
a hydrophilic surface and high specific surface area was obtained. We 
have validated the applicability of SGS-HPR as an efficient adsorbent for 
BPs by performing both batch and continuous column adsorption ex
periments. Due to the abundance of glucose and phenyl ring groups, 

favorable molecular interaction occurs when these groups are in contact 
with the BPs molecules, as demonstrated by the theoretical calculation. 
Interestingly, SGS-HPR can be regenerated and recycled in batch and 
continuous modes without much deterioration in the BPs removal 
efficiency. 

2. Materials and methods 

2.1. Materials 

Soluble starch, sodium dodecyl sulfate (SDS), potassium persulfate 
(KPS), formaldehyde dimethyl acetal (FDA), 1,2-dichloroethane (DCE), 
bisphenol A (BPA), bisphenol AF (BPAF), bisphenol F (BPF), humic acid 
(HA) and bisphenol S (BPS) were purchased from Aladdin Chemistry 
Co., Ltd. (Shanghai, PR China). Anhydrous FeCl3 was purchased from 
Adamas-beta Co., Ltd. Acetone, methanol, ethanol and ethyl acetate 
were analytical grade and sourced from Chengdu Kelong Chemical Re
agent Factory, China. The wastewater was obtained from Huizhou 
Zhongxin Chemical Co., Ltd. 

2.2. Preparation of SGS 

SGS was prepared by emulsion free radical polymerization. In a 
typical protocol, 1 g of soluble starch was added to 20 mL of deionized 
water in a three-necked flask, followed by stirring mechanically (300 
rpm) at 80 ◦C for 0.5 h to obtain gelatinized starch. Then, 0.12 g of KPS 
(3% of the total mass of starch and styrene), 0.48 g of SDS (2% of the 
total mass of the solution), and 3 g of styrene were added gradually into 
the mixture under nitrogen atmosphere. Polymerization was carried out 
at 80 ◦C with constant stirring kept at 300 rpm for 6 h. After polymer
ization, the reactant was cooled down, followed by adding ethanol to 
precipitate the product. The crude product was washed with ethanol and 
dried in an oven at 60 ◦C to constant weight. To remove the styrene 
homopolymers, the crude product was extracted with toluene for 6 h in a 
soxhlet extractor, followed by drying at 60 ◦C. SGS was recovered as a 
white powder. Besides, the values of grafting percentage GP (%) were 
calculated by Eq. (1) [30]: 

GP(%) = (m1 - m0)/m0 × 100\% (1) 

where m0 and m1is are the weights of starch (g) and SGS product (g), 
respectively. 

In order to synthesize SGS with the highest value of GP, the in
fluences of the dosage of the initiator, the mass ratio of styrene to starch 
and reaction time were investigated, respectively. The obtained SGSs 
were named as SGS-x1%, SGS-x2 and SGS-x3h, where x1, x2 and x3 were 
the percentage initiator concentration (based on total mass of starch and 
styrene), the mass ratio of styrene/starch and the reaction time (h), 
respectively. 

Scheme. 1. Synthesis procedure of SGS-HPR.  
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2.3. Preparation of SGS-HPR 

In the second step, SGS-HPR was prepared following the external 
crosslinking protocol with SGS as the precursor and FDA as the cross
linker. Typically, 1 g of SGS (containing 6 mmol phenyl ring) and FDA 
(0.76 g, molar ratio of FDA to phenyl ring in SGS was 10/6) were added 
into 30 mL anhydrous DCE, and allowed to swell for 12 h at room 
temperature. Anhydrous FeCl3 (1.62 g, the molar ratio of FeCl3 to FDA 
was 1) was added into the mixture, and the reactant was stirred at 50 ◦C 
for 2 h and then at 80 ◦C for 10 h. During the entire reaction process, N2 
atmosphere and agitation at 300 rpm were maintained. After cooling to 
room temperature, the precipitate was washed with methanol until the 
filtrate became nearly colorless, followed by thorough washing with 
methanol by Soxhlet extraction for 24 h. The resulting yellow–brown 
SGS-HPR powder was collected after drying under vacuum at 60 ◦C for 
24 h. 

To optimize the synthesis procedure, both the reagent ratio and 
dosage of catalyst FeCl3 were investigated in order. First, different molar 
ratios of FDA to phenyl ring in SGS (5/6, 10/6, 20/6 and 30/6) were 
utilized with the fixed molar ratio of FeCl3/FDA (1/1), and the resulting 
materials were named as SGS-HPRy1 (y1 = 1–4). Then, the molar ratios 
of FeCl3/FDA (0.5, 1.5, 2.5 and 3) were further studied when the molar 
ratio of FDA to benzene ring was 10/6, and we simply called these 
materials as SGS-HPRy2 (y2 = 5–8). 

2.4. Characterization 

Fourier transform infrared (FTIR) spectra were measured using a 
TENSOR II spectrometer (Bruker) in the range of 4000–400 cm− 1 using 
KBr disks. The N2 adsorption–desorption isotherms were carried out at 
− 196 ◦C using an ASAP 2460 surface area and porosity analyzer 
(Micromeritics), and materials were degassed at 120 ◦C for 24 h. The 
solid-state 13C CP/MAS NMR spectra were recorded on an AVANCE III 
spectrometer (Bruker). TG data were obtained on a NETZSCH TG-209 F3 
instrument (NETZSCH, Germany) under N2 atmosphere and in the 
temperature range of 30–800 ◦C at a heating rate of 10 ◦C min− 1. X-ray 
photoelectron spectroscopy (XPS) was performed in an electron spec
trometer (ESCALAB 250 Thermo Fisher Scientific Inc., UK) equipped 
with a hemispherical sector energy analyzer, using a monochromatic Al 
Kα X-ray source. The granule morphology of samples was analyzed by a 
Hitachi SU-5000 scanning electron microscope (SEM). The transmission 
electron micrographs (TEM) were taken on Titan G260-300 (FEI) 
operating at 200 kV. The powder X-ray diffraction (XRD) data were 
obtained on a Smartlab-3kw diffractometer (Rigaku). The water contact 
angles were measured on DSA25 (KRUSS) to investigate hydrophilicity 
or hydrophobicity of the surface. 

2.5. Batch adsorption experiments 

BPs adsorption studies in batch mode were conducted using a 50 mL 
conical flask at 25 ◦C with the adsorbent dosage of 0.5 g⋅L− 1 unless 
otherwise stated. The molecular structures of BPs used in the experiment 
is shown in Fig. S1, and the initial BPs concentration was set as 50–200 
mg⋅L− 1. In detail, 10 mg of adsorbent was contacted with 20 mL of BPs 
aqueous solution in a thermostatic shaker at 150 rpm for 12 h. The re
sidual BPs concentration was measured from the UV–vis spectropho
tometer (UV-2600, Shimadzu, Japan). The concentrations of different 
BPs in multiple solutes solution were determined by high performance 
liquid chromatography (HPLC) with a Shimadzu instrument (LC-16) 
with chromatographic column C18. Details for each individual adsorp
tion experiment are given in Supplementary Information (Text S1). 

The removal rate (R, %), equilibrium adsorption capacity (qe, 
mg⋅g− 1) and adsorption capacity at time t (qt, mg⋅g− 1) were calculated 
by Eq. (2), Eq. (3) and Eq. (4): 

R(%) = (C0 − Ce)/C0 × 100 (2)  

qe = (C0 − Ce) × V/m (3)  

qt = (C0 − Ct) × V/m (4) 

where C0, Ce and Ct are the initial concentrations, the equilibrium 
concentrations and the concentrations at time t, respectively. V (L) and 
m (g) are the volume of the solution and the mass of the adsorbent, 
respectively. 

2.6. Continuous adsorption–desorption experiments 

The continuous adsorption–desorption experiments were carried out 
in a water-jacketed glass column (inner diameter: 1.0 cm, length: 20.0 
cm). Briefly, 1.5 g of SGS-HPR was swollen with pure water and packed 
into the glass column at 25 ◦C. A peristaltic pump (LONGING-pump, 
Type BF100C-1631Y) was used to ensure a constant flow rate of BPA 
aqueous solution (200 mg⋅L-1) at 6.0 mL⋅min− 1. The concentration of 
BPA in the effluent (Cef, mg⋅L-1) was continuously recorded until it was 
increased up to the feed concentration, and the breakthrough and 
saturation points were set at 5 % and 95 % of the influent BPA con
centration, respectively. 

After the dynamic adsorption, ethanol was applied for regeneration 
of the column with a constant flow rate of 1.0 mL⋅min− 1 until no BPA 
was detected in the eluent, and then the column was further rinsed with 
water so as to the initial condition. The adsorption–desorption experi
ment of the column was repeated 3 times. 

2.7. Computational methods 

All theoretical calculations were carried out by density functional 
theory (DFT) at the level of M062X/6-31G* [31] using GAUSSIAN 16 
software package. According to the characteristic results for the ob
tained products, an assumption was proposed that two structural units of 
SGS (one glucose unit grafted with one polystyrene unit) bridged 
through one methylene group represented the basic structure of SGS- 
HPR (as shown in Fig. S2). The interaction region and strength be
tween SGS-HPR unit and BPA molecule were achieved by independent 
gradient model (IGM) isosurface analysis with Multiwfn 3.6 [32]. The 
IGM interaction regions and color mapped isosurface graphs of the 
electrostatic potential (ESP) were visualized by VMD 1.9.3 program 
[33]. The adsorption energy (Eads) was obtained by calculating the en
ergy difference before and after the adsorption of BPA onto SGS-HPR 
unit, which was calculated by Eq. (5) [34]: 

Eads = Etotal − (Ead + Esub) (5) 

where Etotal, Ead and Esub stand for the energies of complexes, 
adsorbent and substrate, respectively. 

3. Results and discussion 

3.1. Optimization of preparation conditions for SGS 

In order to obtain SGS-HPR that exhibits ideal porosity, a high-level 
content of the grafted polystyrene in the precursor SGS, which facilitates 
the formation of rigid crosslink unit in the subsequent external cross
linking process, is expected. Therefore, the typical conditions for syn
thesizing SGS, including initiator concentration, mass ratio of styrene/ 
starch and reaction time were investigated orderly. The rules for grafting 
polystyrene onto starch can be revealed clearly according to FTIR 
spectra of SGSs prepared under various conditions and the corre
sponding GP values (Fig. 1). Compared with the FTIR spectrum of starch 
(Fig. S3), SGSs not only retained the characteristic peaks of starch (such 
as νO–H, νC–O–C), but also displayed the characteristic peaks of the 
polystyrene structural unit (including νC=C and γC–H of the phenyl ring). 
In addition, the νC–H signal of SGSs FTIR spectra at 2923 cm− 1 was also 
significantly enhanced, which was due to the insertion of the 
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polystyrene backbone structure CH2–CH2 into the polymer network 
structure [30]. As shown in Fig. 1d, with increasing KPS percentage 
concentration, the GP values initially increased and then decreased 
gradually, similarly, the intensity of the characteristic peaks of the 
phenyl ring also exhibited the same tendency of initial increase followed 
by decreasing (Fig. 1a). The highest GP value was achieved when the 
KPS percentage concentration was 3%. The results showed that an op
timum amount of KPS free radicals to attack the saccharide unit of 
starch, which would generate more starch radicals to react with styrene 
[35]. The influence of the mass ratio of styrene to starch on GP values 
was also investigated (Fig. 1e), GP values increased with increasing the 
mass ratio of styrene/starch from 1/1 to 3/1. When the mass ratio of 
styrene/starch was further increased to 4/1, the GP value decreased. The 
optimal mass ratio of styrene/starch was 3/1 and the characteristic peak 
intensity of benzene ring was strongest under this condition (Fig. 1b). 
Simultaneously, the effect of reaction time on the GP values was shown 
in Fig. 1f. It was obvious that the increase in the reaction time from 1 h to 

3 h resulted in increasing in GP values, but when the reaction was run 
longer than 3 h, the GP values decreased. Additionally, the changing 
tendency for intensities of benzene ring characteristic peaks depicted in 
Fig. 1c were consistent with that of GP values. The reason may be that 
the concentrations of initiator and styrene monomer were high at the 
beginning of the reaction, but as the reaction proceeded the concen
tration decreased, which decreased the number of free radicals in the 
reaction system [36]. Based on the these results, SGS-3 h achieved the 
highest GP (174.2%) with the percentage KPS concentration, mass ratio 
of styrene/starch and reaction time are 3%, 3/1 and 3 h, respectively. 

3.2. Optimization of preparation conditions for SGS-HPR 

For fabricating SGS-HPR by external knitting strategy based on SGS, 
it was found that porosity of SGS-HPR could be easily tuned by varying 
the dosages of external cross-linker FDA and catalyst. Therefore, the 
influences of the two factors on the porosity were investigated in detail 

Fig. 1. (a-c) FTIR spectra of SGSs prepared under various conditions and (d-e) the corresponding GP values.  

Fig. 2. The N2 adsorption–desorption isotherms (a and d), pore size distribution curves (b and e), and FTIR spectra (c and f) of SGS-HPRs.  
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(Fig. 2). We could observe that the N2 adsorption–desorption isotherms 
of the SGS-HPRs prepared with different dosages of FDA exhibited a 
combination of type I and IV isotherms, which showed a sharp rise at 
low relative pressures demonstrating the presence of extensive micro
porous (Fig. 2a). Furthermore, the pore size distributions further 
confirmed the presence of micropores and mesopores (Fig. 2b). With the 
FDA dosage increasing, the BET surface area and pore volume of the 
obtained SGS-HPRs showed a trend of first increasing and then declining 
(Table 1). When the molar ratio of FDA to phenyl ring was 10/6, SGS- 
HPR2 obtained the highest BET surface area of 863 m2⋅g− 1. The FTIR 
spectra of the samples further verified this trend. As shown in Fig. 2c, the 
intensities of the mono-substituted phenyl ring γC-H at 758 and 702 cm− 1 

significantly declined as increasing the FDA dosage. Furthermore, with 
increasing in the dosage of FDA, the characteristic peak of νC–O–C be
tween 1200 and 950 cm− 1 became broadened, indicating that the 
excessive FDA introduced methoxy groups among the network structure 
[19]. The insertion of methoxy groups occupied the pore volume of the 
product, thus deteriorating the porosity of SGS-HPR. Then, SGS-HPRs 
with a hierarchical pore structure can also be obtained by changing the 
dosage of catalyst. As shown in Fig. 2d and Table 1, both N2 adsorption 
amount and specific surface area of SGS-HPR increased initially fol
lowed by decreasing with increasing the catalyst dosage, and SGS-HPR7 
possessed the highest porosity. Additionally, according to the pore size 
distribution curves (Fig. 2b and 2e), it is clear that SGS-HPRs contained 
abundant micropores and mesopores in their network. Conversely, the 
precursor polymer SGS exhibited typically nonporous structure ac
cording to its N2 adsorption isotherm (Fig. S4) and the porous parame
ters listed in Table 1. So it can be inferred that the porous structure of 
SGS-HPRs was mainly introduced during the external crosslinking pro
cess. In addition, the FTIR spectra were also used to explain the changes 
in the crosslinking reaction under different catalyst dosages (Fig. 2f). As 
the dosage of catalyst increased, the intensity of the aliphatic νC–H at 
2923 cm− 1 increased first and then decreased. The intensity of this peak 
in SGS-HPR7 was the strongest, which proved that the most methylene 
bridges were formed in the structure of SGS-HPR7. Therefore, in the 
following structural analysis of samples, SGS-HPR7 was used as a 
representative sample. 

3.3. Structural analysis of SGS-HPR 

To investigate the detailed information on the structure of SGS- 
HPR7, several measurements were further performed. Firstly, the pro
posed grafting and external knitting processes for constructing SGS- 
HPR7 was monitored by 13C CP/MAS solid state NMR (Fig. 3a). Upon 
grafting polystyrene, the carbon peaks on the glucose unit of starch (C1- 
C6) were completely retained in the NMR spectrum of SGS. Meanwhile, 

the signals from non-substituted phenyl carbons (132 ppm), substituted 
phenyl carbons (150 ppm) and methylene-methylene carbons (40–60 
ppm) appeared in the spectrum of SGS, indicating that the styrene 
structural unit was successfully grafted onto the starch molecular chain 
[37]. As for SGS-HPR7, bridging between the phenyl rings of SGS pre
cursor with methylene group can be confirmed by emergence of new 
resonance peak at 32 ppm. Furthermore, the peaks of non-substituted 
and substituted phenyl carbons were merged and shifted to the lower 
field. This was because the formation of methylene bridges led to an 
increased proportion of substituted phenyl carbons in SGS-HPR7. In 
addition, the peak intensity of methylene-methylene carbons was 
enhanced and shifted to the lower field in the spectrum of SGS-HPR7, 
which can be ascribed to the incorporation of methoxy groups inside the 
network. According to the above analysis, the results were consistent 
with the data of FTIR, which further confirmed the evolution process of 
SGS-HPR7. 

Then, the thermal stability of SGS-HPR7 was analyzed in N2 atmo
sphere. The TG-DTG curves of starch and SGS-HPR7 were displayed in 
Fig. 3b. Compared with the single-step thermal degradation of raw 
starch, SGS-HPR7 has multi-step thermal degradation starting at 200 ◦C, 
which is due to the different thermal stabilities of the different structural 
units in the composites. In addition, the residual specific gravity of SGS- 
HPR7 at 800 ◦C is much higher than that of starch, which is mainly due 
to the higher carbon content of SGS-HPR7, its denser and rigid cross- 
linking structures. 

Insights into the evolution of surface chemical structure during the 
synthesis process were obtained by performing XPS characterization. As 
presented in Fig. 3c, the XPS survey spectra confirmed the existence of C 
and O elements in the samples, and the relative content of O element 
showed a trend of reducing at first and then increasing during the two- 
step preparation. This was owing to the fact that plenty of polystyrene 
chains were grafted onto the starch molecular chains during the grafting 
process (the C content increased sharply), and part of the FDA did not 
react completely so that a certain amount the methoxy groups were 
introduced into the cross-linking network structure during the further 
cross-linking process (the O content slightly increased). As shown in 
Fig. 3d, the high-resolution C1s spectrum of starch functional groups 
was divided into three peaks with binding energy of 284.7, 286.1 and 
286.9 eV, which can be belonged to C atoms in C–C/C–H, C–O/C–OH 
and O–C–O, respectively [38,39]. Compared with high-resolution C1s 
spectrum of starch, SGS and SGS-HPR7 showed C1s peak at 287.5 eV was 
assigned to C = O (carbonyl carbon). Moreover, the area percent of the 
peak at 284.7 eV were higher than that in starch, which was due to the 
presence of phenyl C = C (Fig. 3e-f and Table S1). On the other hand, the 
area percent of C-O/C-OH (8.49%) in SGS-HPR7 is higher than SGS 
(6.35%) (Table S1), which was due to the presence of the methoxy 
groups. These results correlate well with the FTIR and 13C NMR spectra, 
further confirming existence of a substantial amount of methoxy groups 
in the SGS-HPR7 sample. 

SEM and TEM were employed to study the morphological features of 
the samples. As shown in Fig. S5, starch exhibited spherical morphology, 
while styrene was further grafted onto starch, the surface of SGS became 
coarse and agglomerates appeared. After further external crosslinking 
between SGS phenyl rings with methylene bridges, the surface of SGS- 
HPR7 was extremely loose and uneven, and displayed a porous structure 
(Fig. 4a). The SEM-EDS mappings evidently revealed the uniform dis
tribution of the C and O elements on the surface of SGS-HPR7 (Fig. 4c-e), 
which was in good agreement with the XPS survey spectra. Moreover, 
the formation of abundant and homogeneous pore structure of SGS- 
HPR7 closely matching above N2 adsorption–desorption results is 
further confirmed by the TEM image (Fig. 4b). XRD was used to study 
the crystal structures of the samples. As shown in Fig. S6, it was observed 
that the graft copolymerization reaction and crosslinking reaction 
destroyed the integrity of the polymer starch structure, the same with 
the observation of the previous report [40]. 

To investigate the hydrophilicity of SGS-HPR7, the water contact 

Table 1 
Surface area and porous parameters of SGS and SGS-HPRs.  

Samples SBET 

(m2⋅g− 1) 
Dave 

(nm) 
Smicro 

(m2⋅g− 1) 
Vtotal 

(cm3⋅g− 1) 
Vmicro 

(cm3⋅g− 1) 

SGS 0.93 \   0.02 \ 
SGS- 

HPR1 

481 2.82 158  0.29 0.06 

SGS- 
HPR2 

863 3.76 196  0.71 0.08 

SGS- 
HPR3 

858 3.72 181  0.69 0.08 

SGS- 
HPR4 

690 3.42 150  0.51 0.07 

SGS- 
HPR5 

591 3.04 160  0.39 0.07 

SGS- 
HPR6 

870 3.67 209  0.71 0.09 

SGS- 
HPR7 

1039 3.15 241  0.71 0.10 

SGS- 
HPR8 

981 3.09 238  0.66 0.10  
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angle on SGS-HPR7 was measured. As shown in Fig. 5a, there is a nearly 
zero apparent contact angle for SGS-HPR7, indicating a hydrophilic 
surface for SGS-HPR7. We thus monitored the diffusion process of water 
upon contact with the surface of SGS-HPR7 and found the quite fast and 

complete spreading of water drop in 0.7 s, illustrating that SGS-HPR7 has 
a good water-wetting ability (Fig. 5c-f and video S1). In order to reflect 
the importance of the contribution of starch glucose units to hydrophi
licity, a polystyrene ultrahydrophobic porous resin (PS-UHPR) was 
prepared under the same condition of SGS-HPR7 with the absence of 

Fig. 3. (a) 13C CP/MAS NMR spectra of starch, SGS and SGS-HPR7, (b) TG of starch and SGS-HPR7, (c) XPS survey spectra of starch, SGS and SGS-HPR7, XPS C1s of 
(d) starch, (e) SGS and (f) SGS-HPR7. 

Fig. 4. (a) SEM and (b) TEM images of SGS-HPR7, (c-e) SEM-EDS mapping 
images of SGS-HPR7. 

Fig. 5. Contact angle of (a and c-f) SGS-HPR7 and (b) PS-UHPR.  
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starch. The contact angle of PS-UHPR is larger than 150.0◦ (Fig. 5b and 
video S2), suggesting that the polymer constructed with only poly
styrene and FDA is a typical hydrophobic porous material, which is 
unfavorable to dispersion and adsorption in water. In a word, the good 
wetting ability and porous structure of SGS-HPR7 provide the conditions 
for high capacity and rapid removal of BPs from water. 

3.4. Batch adsorption performance 

3.4.1. Screening of SGS-HPRs for BPs removal 
In section 3.2, a series of SGS-HPRs with different crosslinking den

sity and BET surface area were obtained by adjusting the dosage of FDA 
and catalyst. To evaluate the adsorption capacity of the obtained SGS- 
HPRs, adsorption experiments were carried out with four types of BPs 
and the results were shown in Fig. 6a. As expected, we found a clear 
positive correlation between the adsorption capacities of SGS-HPRs for 
BPs and their respective porosities. High porosity can facilitate the BPs 
diffusion and provide more adsorption sites, thus enhancing the capture 
ability toward BPs. Therefore, SGS-HPR7 with the highest porosity 
possessed the superior adsorption capacity for BPs, which was chosen as 
the representative adsorbent subsequently. 

To evaluate the potentiality of SGS-HPR7 for efficient removal of BPs 
in their diluted solutions, we conducted a series of adsorption experi
ments in the BPs solutions with two low initial concentrations (500 and 
1000 μg⋅L-1). As can be seen in Fig. 6b, there is a high removal rate 
(greater than95%) by SGS-HPR7 for all four BPs at these two low initial 
concentrations. Such excellent adsorption performance was mainly 
attributed to strong affinities of SGS-HPR7 for BPs in the aqueous 
solution. 

3.4.2. Adsorption kinetics 
The time-dependent uptake amount of BPs on SGS-HPR7 was recor

ded (Fig. 7a). It can be observed that the adsorption amount of BPs 
increased very rapidly during the first 30 min, after which the adsorp
tion rate slowed down. The equilibrium adsorption time of BPA, BPAF, 
BPF and BPS was 150, 180, 80 and 120 min, respectively. The fast 
adsorption of BPs could be due to the existence of a large number of 
active sites and accessible diffusion pathway in the SGS-HPR7, providing 
a strong driving force for the BPs molecule transportation from liquid 
phase to the surface of SGS-HPR7. In addition, due to its strong affinity to 
water, SGS-HPR7 can be quickly and completely dispersed in water, 
which greatly improved the external diffusion process and the adsorp
tion rate at the beginning of adsorption. As the contact time increased, 
more and more active adsorption sites were occupied, the adsorption 
process reached plateau and the adsorption rates were limited by the 
larger diffusion resistance. 

In order to better interpret the adsorption kinetics, pseudo-first order 
and pseudo-second order kinetic models were used to fit the adsorption 

data. The kinetic parameters and correlation coefficients (R2) are sum
marized in Table S2. The high correlation coefficient of pseudo-second- 
order kinetic model for BPs indicates that the experimental data can be 
well described by pseudo-second-order kinetic model. Furthermore, the 
calculated values of adsorption capacity are closer to the experimental 
value for the pseudo-second kinetic order model as compared to the 
pseudo-first order kinetic model. 

3.4.3. Adsorption isotherms and thermodynamics 
The adsorption capacities as a function of substrates concentration 

are shown in Fig. 7b-e. It is observed that the adsorption capacity of SGS- 
HPR7 increased with increasing initial concentration of BPs. The reason 
may be that the driving force of higher concentrations can promote the 
diffusion of BPs molecules into the pore channels [41]. Moreover, it is 
clearly observed that the adsorption capacity of SGS-HPR7 descends 
with the increasing temperature, revealing that the adsorption process is 
favorable at low temperature. Further, the BPs adsorption behavior of 
SGS-HPR7 was evaluated using Langmuir and Freundlich isotherm 
models. The correlative fitted plots of the two models are shown in 
Fig. 7b-e, and the related parameters are listed in Table S3. By 
comparing both models, the best fit for the Freundlich isotherm is ob
tained, indicating that the BPs adsorption proceeds on heterogeneous 
surface of SGS-HPR7. In addition, the adsorption isotherms of BPs at 
25 ◦C can also be well fitted by Langmuir isotherm model, and the qm 
value of these BPs followed the descending order: BPAF (505.6 mg⋅L-1) 
> BPA (443.8 mg⋅L-1) > BPS (376.3 mg⋅L-1) > BPF (352.0 mg⋅L-1). 

The thermodynamic studies can help us to explain the adsorption 
mechanism during the adsorption processes of BPs on SGS-HPR7. Ac
cording to the adsorption results at different temperatures, the adsorp
tion thermodynamic parameters were calculated and displayed in 
Table S4. The negative values of ΔG0 at all of three temperatures confirm 
that the adsorption progress is spontaneous. Moreover, the negative 
value of ΔH0 indicates the adsorption progress is exothermic, which is 
consistent with the result that the adsorption is favorable at lower 
temperature. Finally, the positive value of ΔS0 reflects that the increased 
of randomness at the solid–liquid interface during the adsorption 
process. 

3.4.4. Effect of pH value and ionic strength 
The influence of pH on BPs uptake was investigated in the range of 

pH 2–12. As shown in Fig. 8a, the adsorption capacities of BPA, BPF and 
BPS kept stable with increasing the pH from 2 to 10, followed by 
decreasing sharply with further increase of the initial pH to 12. For 
comparison, the stable-uptake pH range of another BPs analogue BPAF 
was a little narrower and the obvious decrease of BPAF uptake occurred 
at pH 10. The reason for the above changing trend was that most BPs 
molecules were negatively charged ionized because of ionization when 
the initial pH was greater than the pKa value (7.4–10.4) of BPs, which 

Fig. 6. (a) The adsorption capacity of BPs on SGS-HPRs, (b) the removal rate of BPs on SGS-HPR7 at the low initial concentrations (500 and 1000 μg⋅L-1).  
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led to the decrease of the hydrogen bond interactions between the BPs 
molecules and SGS-HPR7 [42,43]. Further research on the adsorption 
capacity under different ionic strength was conducted (Fig. 8b). While 
the ionic strength ranging from 0.1 to 0.5 mol⋅L− 1, the adsorption ca
pacity increased slightly at higher ionic strength was ascribed to the 
salting-out effect [44]. From the above results, SGS-HPR7 maintains high 
adsorption efficiency for BPs over wide pH and ionic strength range. 

3.4.5. Effect of coexisting HA 
In the natural water system, natural organic matters (NOMs) 

commonly coexist with BPs. It is expected that the presence of NOMs 
would affect the removal efficiency of BPs. Herein, the effect of HA (a 
predominant NOM) was investigated for BPs removal. As can be seen 
from Fig. 8c, with increasing of the initial concentration of HA, the 
adsorption capacities of BPs only exhibited subtle decrement. Thus, it 
can be inferred that the coexisting HA scarcely competes with BPs for the 
adsorption sites, and SGS-HPR7 can be used as an effective adsorbent for 
BPs removal. 

3.4.6. Competitive adsorption 
Generally, BPs pollutants rarely exist as sole solute in the real 

wastewater. So it’s necessary to investigate the multicomponent 
adsorption performance of SGS-HPR7. Here, the co-adsorption experi
ments were conducted in the equimolar quaternary solutions of the four 
BPs (each concentration was 50–200 mg⋅L-1). As shown in Fig. S7, the 
uptake amount of each BPs was apparently lower than those in single- 
solute systems because of competition between the four BPs towards 
the adsorption sites. Compared with the other three BPs, BPAF showed 
superior adsorption in the competitive adsorption process, and the 
adsorption capacity order of four typical BPs is BPAF > BPA > BPF >
BPS. Although competitive adsorption occurred in the co-adsorption 
process, the adsorption capacities of BPA kept gradually increasing 
with the increase of the initial concentration of the mixed solution, 
indicating that SGS-HPR7 also possesses comparative selectivity toward 
BPA. Furthermore, given that BPA is the most ubiquitous endocrine 
disrupting chemical found in aquatic environments, BPA was selected as 
the representative BPs for further investigation of the adsorption per
formance of SGS-HPR7. 

Fig. 7. (a) Fitting curves of adsorption kinetic of BPs onto SGS-HPR7, (b-e) adsorption isotherms of BPA, BPAF, BPF and BPS onto SGS-HPR7 at 25, 35 and 45 ◦C.  

Fig. 8. The effects of (a) pH values, (b) ionic strength, 
(c) HA concentration and (d) the real water matrices, 
(e) comparison of maximum adsorption capacity from 
Langmuir model and equilibrium adsorption time for 
our prepared adsorbent with other reported novel 
adsorbents, Fe3O4@TpBD [44], CA-P-CDP [46], SC 
[47], BC-CD-2 [45], MIL-53(Al)-F127 and MIL-53(Al) 
[48], b-CNTs [49], N-GLCS [3], Graphene [4], SB- 
β-CD [50] and CD/CA-g-PDMAEMA [51], Cu- 
BED@Gro [52], BMDC-12 [53] and N-BDC-700 
[54], (f) comparison the HPLC chromatograms of the 
waster sample before and after adsorption treatment 
by SGS-HPR7.   
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3.4.7. Effect of the real water matrices 
The effects of the two real water matrices (tap water and lake water) 

for the adsorption of BPA on SGS-HPR7 were studied (Fig. 8d). Water 
quality information of the deionized water, tap water and lake water was 
shown in Table S5. It can be seen that from deionized water to lake 
water, the TOC content does not change significantly and the electric 
conductivity changes greatly, revealing that the organic matter content 
is relatively low but the ion concentration is higher in the real water 
matrices. Here, we noticed that the adsorption capacity of SGS-HPR7 in 
the real water matrices was almost similar to that noted in deionized 
water, which was due to the higher ion concentration has little effect on 
the adsorption capacity of SGS-HPR7. Irrespective of the difference of 
various ions, the organic matter content and pH in the real water 
matrices, the potential of SGS-HPR7 to adsorb BPA was found to be su
perior. To investigate the structural effect of adsorbent on BPA uptake 
ability, starch and SGS were also used herein. It was worth noting that 
the adsorption capacities of SGS for BPA in the three real water matrices 
were slightly higher than that of starch, which was due to the intro
duction of a large number of benzene rings in grafting reaction to in
crease the adsorption sites. Meanwhile, the adsorption capacity of SGS- 
HPR7 for BPA was significantly improved, which was related to its high 
porosity and much active adsorption sites. Based on the results, it is 
preliminarily determined that SGS-HPR7 has double adsorption sites and 
a rich porous structure, which is the structural basis of its excellent 
adsorption performance. 

3.4.8. Desorption and reusability studies 
To determine the performance of solvent regeneration of the SGS- 

HPR7, four common solvents, including methanol, ethanol, ethyl acetate 
and acetone were used to explore the desorption efficiency (DE, %) of 
BPA from SGS-HPR7. As shown in Fig. S8a, a DE value of 91.97% was 
obtained with single elution of ethanol, which was much higher than 
that under the other three solvents. Also, the recovered BPA can be 
easily separated from ethanol and used for further applications. There
fore, ethanol was used to investigate the regeneration ability of SGS- 
HPR7. Interestingly, after five recycles, SGS-HPR7 retained its remark
able BPA adsorption capacity similar to the first use (Fig. S8b). Hence, 
this adsorbent shows exceptional reusability by mild regeneration for 
cost-effective wastewater treatment. 

3.4.9. Adsorption performance comparison 
Moreover, the adsorption performance of SGS-HPR7 and other re

ported novel adsorbents for BPA were compared (Fig. 8e). Obviously, 
SGS-HPR7 has higher adsorption capacity than most of the previously 
reported adsorbents (e.g., Fe3O4@TpBD [44], BC-CD-2 [45], and Gra
phene [4]). The reason should be that SGS-HPR7 has high porosity and 
dual adsorption sites to provide sufficient active adsorption sites. In 
addition, SGS-HPR7 can also adsorb BPA to achieve equilibrium in 
shorter time than most of these adsorbents, which may be attributed to 
its strong hydrophilicity and high porosity. Therefore, SGS-HPR7 is an 
excellent absorbent for BPA removal in wastewater treatment. 

3.4.10. Selective adsorption of BPs from wastewater 
Use of SGS-HPR7 for removing BPs from wastewater provides 

important guides for the practical application of the adsorbents in the 
real application. Therefore, one of the most commonly occurring in
dustrial effluents was used for the preliminary study of the practical 
applicability of SGS-HPR7 (see Text S1 for the detailed procedure). To 
illustrate the potential of SGS-HPR7 for effective adsorption of BPs, 
Fig. 8f gives the LC chromatograms of raw wastewater and the treated 
wastewater by adsorption. In the raw wastewater, BPS, BPA and BPAF 
were identified at 2.5, 7.2 and 16.6 min by comparing the LC chro
matogram of the standard substances (Fig. S9). Besides, unidentified 
peaks correspond to the main components of this wastewater which 
coexisted with BPs. A comparison of the chromatograms in Fig. 8f shows 
that the peaks of BPA and BPAF disappeared after adsorption, and the 

peak intensity of BPS was also weakened significantly. These results 
indicated that the effective adsorption of BPs on the SGS-HPR7. Mean
time, the peak intensities of other organic substances remained un
changed, suggesting they were scarcely removed. Additionally, the 
organic content of wastewater was monitored by TOC analysis. A small 
decrease of the TOC contents in wastewater after adsorption (from 232.9 
to 230.6 mg⋅L-1) further proved the excellent adsorption selectivity of 
SGS-HPR7 to BPs. Further practical application of SGS-HPR7 will be 
conducted in the future research. 

3.5. Continuous adsorption performance 

To test the efficacy of SGS-HPR7 under flow-through conditions, 
fixed-bed column was packed with the SGS-HPR7 particles and tested for 
BPA adsorption. The experimental breakthrough curves of BPA 
adsorption onto SGS-HPR7 were shown in Fig. 9a. During the initial 
stage, BPA was completely adsorbed because the fresh SGS-HPR7 had 
sufficient active sites, resulting in collection of pure water in the column 
outlet. With the adsorption site being occupied gradually by BPA, the 
breakthrough point occurred at ca. 2520 mL, after which the BPA con
centration in the effluent quickly increased until attained the inlet 
concentration, yielding a sharp breakthrough curve. After adsorption 
saturation, ethanol was applied for regenerating the exhausted fixed- 
bed. As shown in Fig. 9b, a sharp desorption peak (with 1355 mg⋅L-1 

of maximum BPA concentration in the eluate) was observed during the 
initial desorption process, and it can be seen that 360 mL of ethanol was 
sufficient to completely desorb the adsorbed BPA from the column. In 
addition, continuous adsorption-regeneration experiments were 
repeated for 3 cycles to test reusability of SGS-HPR7, nearly identical 
breakthrough curves were observed in the recycling adsorption experi
ments. In order to fundamentally explore dynamic adsorption perfor
mance of SGS-HPR7, Thomas model (parameters were listed in Text S2) 
was adopted to fit the three breakthrough curves. As illustrated in 
Fig. S10, the breakthrough curves of BPA can be well described by the 
Thomas model. And the calculated equilibrium adsorption capacities in 
the three cycles (Table S6) were in good agreement with those predicted 
using the Langmuir model, confirming that SGS-HPR7 would be an 
efficient and stable adsorbent for the removal of BPA both in batch and 
continuous modes. 

4. Adsorption mechanism 

The quantum-chemical calculation studies have been undertaken to 
understand the favorable interactions between the BPA and SGS-HPR. 
By analyzing electrostatic potential of BPA and SGS-HPR unit 
(Fig. S2), it could be seen that the π electron clouds of the phenyl ring 
and the glucose unit were the main potential adsorption sites. The 
optimized geometries of BPA molecule adsorbed on the above two 
adsorption sites are shown in Fig. 10. It can be seen that the regional 
isosurface (IGM) of BPA on phenyl ring site was clearly green in color, 
indicating there mainly existed weak interactions (such as π-π stacking 
and van der Waals interaction) between BPA molecule and phenyl ring 
site. By comparison, both the blue and green colors were observed in the 
IGM of BPA on glucose unit, which was indicative of formation of strong 
interaction between BPA molecule and glucose unit (e.g., hydrogen 
bond). This observation was in consistent with that the corresponding 
Eads of BPA onto glucose unit was higher than that of BPA onto the 
phenyl ring (Fig. 10c). Further, we have applied Multiwfn to analyze the 
energy decomposition based on AMBER molecular force field (Fig. 10c). 
It can be seen that dispersion interaction (π-π stacking) primarily 
contributed Eads of BPA onto phenyl ring. While, the electrostatic 
interaction (hydrogen bond) and dispersion interaction altogether 
contributed to a higher Eads of BPA on the glucose unit. 

Based on the above experimental and theoretical results, we can infer 
that the porous structure can accommodate large amount of BPA mol
ecules, more importantly, the phenyl ring and glucose unit cooperate to 
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bind BPA molecules. On one hand, a large number of hydroxyl groups 
have been confirmed on the surface of SGS-HPR due to the abundance of 
glucose units, hydrogen bonding interaction between the –OH groups on 
BPA and –OH groups on SGS-HPR could play an important role in the 
adsorption process. On the other hand, both BPA molecule and SGS- 
HPR7 owned sufficient aromatic units, the π–π stacking interactions 
between them could facilitate the migration of BPA to the SGS-HPR, 
resulting in an improvement on adsorption. The above mentioned rea
sons explained that the adsorption mechanisms between the BPA and 
SGS-HPR involved the synergism of hydrogen-bonding interactions and 
π-π stacking interactions (Fig. 11). The presence of abundant binding 
sites with high energies contributes to the extraordinary uptake of BPA 
on SGS-HPR. 

5. Conclusions 

To remove BPs in water, this work describes the synthesis of an 
effective starch based adsorbent, SGS-HPR, using polystyrene grafting 
and subsequent external crosslinking protocol. In optimized preparation 
conditions, SGS-HPR7 was obtained with hierarchical porosity and high 
surface area of 1039 m2⋅g− 1, significantly favoring the adsorption pro
cess of BPs onto the active sites. From the various characteristic results, 
the presence of starch chain, crosslinked polystyrene units with meth
ylene bridges, and a substantial amount of methoxy groups in the 
network of SGS-HPR7 were confirmed, respectively. Moreover, the 
water contact angle test proved the strong hydrophilicity of SGS-HPR7, 
which is critical for quickly transferring BPs from the solution onto the 
surface of adsorbent. Due to the abundant existence of glucose units and 
phenyl rings in the porous structure, SGS-HPR7 possessed superior 
ability to remove BPs from water. Moreover, the recyclability of SGS- 
HPR7 was also verified by adsorption–desorption recycle experiments 

both in batch and continuous modes. Meanwhile, the complete removal 
of BPs in the real wastewater sample verified the feasibility of SGS-HPR7 
for the practical application. Further, the adsorption mechanism mainly 
involving the synergism of hydrogen-bonding and π-π stacking in
teractions was proved by theoretical calculations. Based on above 
analysis, here we provided a new simple protocol to fabricate hydro
philic starch based HCPs, which can be applied for removal of BPs from 
aqueous solutions. 

Fig. 9. (a) Experimental breakthrough curves for adsorption of BPA aqueous solution on SGS-HPR7, (b) regeneration of SGS-HPR7 loaded with BPA.  

Fig. 10. Optimized BPA adsorbed on phenyl ring (a) and (b) glucose unit of SGS-HPR7 and (c) their corresponding adsorption energies and energy decomposition 
analysis based on AMBER molecular force field. Illustration of the dispersed IGM isosurface was set to 0.003. In general, the blue, green, and red colors indicated the 
strong attraction, the van der Waals interaction and the repulsion force, respectively. 

Fig. 11. The proposed adsorption mechanism of BPA onto SGS-HPR7.  
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