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The application of chitosan (CS) as adsorbent was limited by its poor acidic resistance, solubility in organic solvents 

and miscibility with synthetic polymers. In this study, an effective way was utilized to increase the amount of CS in hybrid 

particles together with good acid-alkali resistance and mechanical strength. CS was chemically modified and in situ cross-

linked in polymer solutions to prepare hybrid particles with semi-interpenetrating network (semi-IPN) structure. 

Polyethersulfone (PES) was chosen as a representative polymer matrix to prepare hybrid particles; and the PES/CS-

derivative particles exhibited good adsorption capacity to toxin bilirubin without procoagulant activity and adsorption 

capacity to Cu
2+

. Furthermore, the PES/CS-derivative hybrid particles exhibited selective adsorption to anionic dyes Congo 

red (CR) and environmental hormone bisphenol A (BPA) compared with other dyes or phenols. The results indicated the 

hybrid particles had versatile applications in blood purification and wastewater treatment. 

Introduction 

The removal of toxins that produced either in human 

body or environment was desired for human health. The 

internal toxins generally reach and harm some organs or 

tissues via blood circulation such as bilirubin,
1, 2

 which could 

damage nervous system. On the other hand, the external 

toxins were usually from environmental pollutions, especially 

for water pollution in industrial field. Wastewater usually 

contains lots of toxins such as heavy metal ions, environmental 

hormones or organic dyes, which could destroy the growth 

environment of aquatic organism and enter into food chain to 

harm the human health.
3
 Thus, the removal of toxins is of 

great importance and there have been various methods such 

as filtration, adsorption, oxidation and degradation.
4-6

 Among 

these methods, adsorption is an effective method and has 

been extensively applied. Till now, various adsorbents have 

been reported such as clays,
7
 porous polymers,

8
 and carbon-

based materials.
9
  

Polymeric adsorbents could be easily processed into 

membranes
10, 11

 or particles,
12, 13

 and regenerated 

conveniently. More importantly, the specific functional groups 

such as COOH and NH2 in some natural or synthetic polymers 

could give polymeric adsorbents selective adsorption ability.
14-

16
 Chitosan, a rare natural polymeric absorbent which contains 

large amounts of amino groups, has been investigated as an 

adsorbent material.
17-19

 However, the poor solubility of 

chitosan in most solvents leads to poor processability and 

miscibility with other polymers, limiting its applications.
20

 In 

addition, chitosan was susceptible to acidic solutions and its 

mechanical strength is usually not enough for using as long-

term adsorbent. On the other hand, the reported methods to 

prepare chitosan-based composite materials could not 

increase the content of chitosan.
21

 Thus, the aim of this study 

is to provide a universal approach to prepare natural-synthetic 

hybrid adsorbents using chitosan derivatives and synthetic 

polymer matrixes to increase the amount of chitosan in the 

adsorbents. 

In this paper, we synthesized some chitosan derivatives to 

increase its solubility in many common organic solvents, and 

studied its miscibility with synthetic polymers. PES has been 

widely used in the fields of biomedicine, food and water 

purification, due to its wide temperature limits, wide pH 

tolerances, and good chemical resistance to aliphatic 

hydrocarbons, alcohols, acids, etc.
22

 Thus, PES was chosen as a 

representative polymer matrix to prepare the hybrid particles 

by two methods, and the two methods were evaluated to 

choose an optimal way; then the acid-alkali resistance of the 

hybrid particles was investigated. As PES was widely used as 

blood-contacting materials especially in the area of 

hemodialysis, the removal of bilirubin for the hybrid particles 

was investigated. Cu
2+

 was chosen to investigate the heavy 

metal ion adsorption capability; Congo red (CR), rhodamine B 

(RhB) and methylene blue (MB) were used to study the dye 

adsorption capability; while bisphenol A (BPA), hydroquinone 

(HQ) and p-nitrophenol (HP) were chosen to study the phenol 
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adsorption capability. Furthermore, the adsorption kinetics 

and isotherms for BPA adsorption were also studied. 

Materials and methods 

Materials 

Chitosan (CS, 98%, Aladdin), chlorotriphenylmethane (TrCl, 

98%, Aladdin), diphenylmethane diisocyanate (MDI, 98%, 

Aladdin), bilirubin (98%, Aladdin), hydrazine monohydrate 

(N2H4.H2O, 90%, Xiya reagent), polyethersulfone (PES, Ultrason 

E6020P, BASF) and phthalic anhydride (PA, 99%, Kelong) were 

used without further purification. Copper sulfate pentahydrate 

(CuSO4.5H2O, 99%), bisphenol A (BPA, 98%), hydroquinone 

(HQ, 98%), p-nitrophenol (HP, 99%), Congo red (CR, 99%), 

rhodamine B (RhB, 99%) and methylene blue (MB, 99%) were 

obtained from Chengdu Kelong Chemical Reagent Co. Ltd. 

(China). N,N-dimethylacetamide (DMAC, 98%, Kelong), 

pyridine (98%, Kelong), N,N-dimethylformamide (DMF, 98%, 

Kelong), 1-methyl-2-pyrrolidinone (NMP, 98%, Kelong) and 

dimethyl sulfoxide (DMSO, 98%, Kelong) were distilled under 

vacuum. Deionized (DI) water was used throughout the study.  

Synthesis of 2-Phthaloyl chitosan (PACS) and 2-Amino-6-O-

triphemylmethyl chitosan (CSTr) 

PACS was prepared according to the previous 

procedure.
23, 24

 Briefly, chitosan (4.00 g) was dispersed in a 

solution of phthalic anhydride (11.00 g) in DMF (150 mL), and 

the mixture was kept at 120 
o
C under nitrogen with vigorous 

stirring for 8 h. After the reaction, the solution was cooled to 

room temperature and poured into water. The precipitate was 

washed with water and ethanol, and then dried under vacuum 

at 40 
o
C to give 7.50 g of the product (PACS). 

To synthesize CSTr, the amino groups should be protected 

firstly due to their higher reactivity than hydroxyl groups.
25, 26

 

Firstly, chlorotriphenylmethane (47.9 g) was added into a 

solution of PACS (5.00 g) in pyridine (75 mL) and the reaction 

was carried out at 90 
o
C for 24 h. After removing most of the 

solvent by using a rotary evaporator, the residue was washed 

with ethanol and dried under vacuum at 40 
o
C to obtain 2-

phthaloyl-6-O-triphemylmethyl chitosan (PACSTr). Then, 

PACSTr (4.00 g) was dispersed in a mixture of hydrazine 

monohydrate (20 mL) and water (40 mL), and the solution was 

heated with stirring under nitrogen at 100 
o
C for 24 h. After 

being cooled, the mixture was diluted with water and rotated 

evaporation. The residue was washed with ethanol and ether, 

and dried under vacuum at 25 
o
C to give 2.60 g of the product 

(CSTr). 

The FTIR spectra were recorded with KBr pellets on a 

Nicolet-560 spectrophotometer (USA).  
1
H NMR (400 MHz) spectra were recorded on a Bruker 

AVII-400MHz spectrometer (Bruker Co., Germany), using 

tetramethylsilane (TMS) as the internal standard in DMSO-d6. 

Preparation of PES/CS hybrid particles, PES/CSTr and SI-PES/CSTr 

hybrid particles 

As shown in Scheme 1, PES/CS hybrid particles were 

prepared by a two-step method termed as Method 1. The 

mixed solution of PACS and PES was prepared into particles by 

a liquid-liquid phase separation technique as described in our 

earlier report.
27

 In order to get regular and smooth particles, 

the solution was dropped into sodium dodecyl sulfate (SDS) 

(0.05 wt.%) aqueous solution. The total concentration of PACS 

and PES was controlled at 12 wt.%, and the mass ratios of 

PACS were controlled at 0%, 25%, 50%, respectively. After 

washing with DI water, the prepared hybrid particles were 

applied into a mixture of hydrazine monohydrate (20 mL) and 

water (40 mL), and incubated at 80 
o
C with stirring for 24 h to 

remove the phthaloyl groups. The final hybrid particles were 

washed with DI water for several times and termed as PES/CS-

25 and PES/CS-50, respectively. 

The method to prepare the hybrid particles with semi-IPN 

structure (SI-PES/CSTr) is termed as Method 2 and also shown in 

Scheme 1. The total concentration of PES and CSTr was 12 wt.%, and 

the mass ratios of the CSTr were controlled at 25% and 50%. Then 

MDI solution in little DMAC were dropwise added into the mixed 

solutions with stirring to crosslink CSTr in situ at room temperature 

for 0.5 h, and the content of MDI was controlled at 2 wt.% of the 

CSTr. The liquid-liquid phase separation technique as described in 

Method 1 was used to prepare the hybrid particles and the hybrid 

particles were termed as SI-PES/CSTr-25 and SI-PES/CSTr-50, 

respectively. Additonally, PES/CSTr hybrid particles without 

crosslinking were also prepared as comparisons and were termed as 

PES/CSTr-25 and PES/CSTr-50, respectively. The final hybrid particles 

were placed into DI water for 24 h to remove the residual DMAC. 

The morphologies of prepared particles were 

characterized by scanning electron microscopy (SEM, JSM-

7500F, JEOL).  

The actual weight ratios of CS or CS derivatives in the 

hybrid particles was calculate by TGA (TG 209 FI, NETZSCH), 

which scanned at a temperature ranging from 30 to 800 
o
C, 

and at a heating rate of 10 
o
C /min under nitrogenous gas. 

 

 
Scheme 1. The schematic illustration for preparing PES/CS, PES/CSTr 

and SI-PES/CSTr particles using Method 1 and Method 2, 

respectively.  
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Acidic-alkali resistance of the particles 

To measure the acidic and alkali resistances, 20 hybrid 

particles (about 0.018 g in dry weight) were immersed in 10 

mL of 0.01 M HCl solution, 2 wt.% acetic acid solution (HOAc) 

or 0.01 M NaOH solution at room temperature for 24 h with 

oscillation, respectively. Subsequently, the hybrid particles 

were washed with DI water and then dried in a vacuum oven 

at 40 
o
C, then, the contents of CS or CS derivatives were 

measured by TGA. 

Adsorption to bilirubin 

Blood compatibility of materials is an important standard 

for the removal of bilirubin from blood to ensure the materials 

have no procoagulant activity. Thus, activated partial 

thromboplastin time (APTT) and thrombin time (TT) were 

measured firstly as described in the previous studies.
28

 

To prepare bilirubin solution, bilirubin were firstly dissolved 

in little 0.1 M NaOH solution and then diluted with PBS 

(pH=7.4) to control the concentration at 0.15 mg/mL. Then 40 

particles (about 0.036 g in dry weight) were applied in 10 mL 

bilirubin solution with oscillation at 25 
o
C. The concentrations 

were determined by an UV-vis spectrometer (UV-1750, 

Shimadzu) at the wavelength of 438 nm. 

Adsorption to environmental toxins 

To investigate Cu
2+

 adsorption, 40 particles (about 0.036 g) 

were immersed in 10 mL of 10 mmol/L CuSO4 aqueous 

solution at 25 
o
C with oscillation. The concentration of Cu

2+
 

was measured by an atomic adsorption spectroscopy (SPCA-

626D, Shimadzu). 

Congo red (CR), rhodamine B (RhB) and methylene blue 

(MB) were chosen as representatives of anionic and cationic 

dyes. The initial concentrations of the dye aqueous solutions 

were controlled at 200 μmol/mL and 20 particles (about 0.018 

g) were applied in 10 mL of the respective aqueous solutions 

which were carried out at 25 
o
C with oscillation. The 

concentrations were determined at different time intervals by 

an UV-vis spectrometer at the wavelength of 497, 554 and 630 

nm, respectively. 

To study the adsorption ability to different phenols, 

bisphenol A (BPA), hydroquinone (HQ) and p-Nitrophenol (NP) 

were chosen as the adsorbates. 20 particles (about 0.018 g) 

were applied in 10 mL of the respective aqueous solutions at 

25 
o
C with oscillation. The concentrations were determined at 

different time intervals by an UV-vis spectrometer at the 

wavelength of 276, 288 and 317 nm, respectively. 

The desorption experiments for Cu
2+

, CR and BPA were 

carried out as follows: after the adsorption reached 

equilibrium, for the Cu
2+

 desorption, 40 hybrid particles (about 

0.036 g) with maximum adsorption were immersed into 10 mL 

of EDTA aqueous solution (0.01 mol/L) or hydrochloric acid (pH 

2), respectively; while for the CR and BPA desorption, 20 

hybrid particles (about 0.018 g) were applied into 10 mL of 

hydrochloric acid (pH 2) or ethanol, respectively. After 24 h, 

the concentrations of the desorbed adsorbate in the EDTA 

solution, hydrochloric acid solution or ethanol solution were 

determined by atomic adsorption spectroscopy or UV-vis 

spectrometer, respectively, and the solutions were replaced by 

fresh ones for the next desorption process. This process was 

carried for three turns. In each turn, the desorption ratio (Rd) 

was obtained as: 

 
100%d

d

a

n
R

n
= ×

                                                     (1) 

where nd is the desorbed amount in each time; na is the 

total adsorbed amount by the particles, which is calculated 

from the adsorption experiment. The total desorption ratios 

are the sum of the Rd for the three turns. 

Results and discussion  

Characterization of the chitosan derivatives 

The FTIR spectra of CS, PACS and CSTr are shown in Figure 

1 (a). Compared with the spectrum of CS, the spectrum of 

PACS showed new peaks at 1715 and 1287 cm
-1

, which were 

attributed to the C=O bonds from the imide groups and the 

ester bonds from low amount of the O-phthaloyl groups, 

respectively. The spectrum of CSTr showed new peaks at 1659, 

1597 and 1491 cm
-1

, which were assigned to the benzene ring 

from triphenylmethane groups; while the peak at 1715 cm
-1

 

for the phthaloyl groups disappeared, which indicated that the 

phthaloyl groups were  dissociated successfully. 
 
 

 

 
Figure 1. (a) FTIR spectra of CS, PACS and CSTr; (b) 

1
H NMR 

spectra of PACS and CSTr. 

Page 3 of 11 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

The 
1
H NMR (DMSO-d6) spectra of PACS and CSTr are 

shown in Figure 1 (b). The peaks at 2.0 to 4.5 ppm were 

assigned to the hydrogens of chitosan. The peaks at 7.78 and 

7.43 ppm in the spectrum of PACS were attributed to the 

hydrogens of the benzene ring from the phthaloyl groups; 

while the peaks at 7.39 and 7.26 ppm in the CSTr spectrum 

were assigned to the hydrogens of the benzene ring from the 

triphenylmethane groups. The results indicated that the 

phthaloyl groups or triphenylmethane groups were grafted 

into CS chains successfully. 

The N-substitution or O-substitution also affected the 

crystallinity of the CS derivatives. The images of X-ray 

diffraction diagrams (XRD, see Figure S1) showed that the 

pristine CS had crystallinity; while the PACS was amorphous 

due to the N-substitution and partial O-substitution,
23

 and 

CSTr had partial crystallinty. Thus, the solubility of PACS and 

CSTr in organic solvents could be improved compared with CS 

(see Table S1), which provided the possibility for blending with 

other polymer matrixes. 

Acid-alkali and solvent resistances of the particles 

TGA was performed to calculate the actual weight ratios 

of CS or its derivatives in the hybrid particles and the results 

are shown in Figure 2 (a). Method 1 is a more convenient 

method due to the fewer steps than Method 2. However, the 

CS contents in the PES/CS-25 and PES/CS-50 particles prepared 

by Method 1 decreased sharply, indicating that most of CS was 

washed out in removing phthaloyl groups. The contents of 

CSTr in the SI-PES/CSTr-25 and SI-PES/CSTr-50 particles 

prepared by Method 2 were 24 wt.% and 46 wt.%, respectively, 

which were similar to the designed contents, indicating that 

Method 2 was a more effective approach to prepare the 

hybrid particles. On the other hand, for the PES/CSTr, the 

decomposition peak temperature of CSTr was 249
o
C, while 

that for the SI-PES/CSTr slightly increased to 254 
o
C, 

demonstrating the existence of semi-IPN structure. It could be 

also observed that the CSTr contents in SI-PES/CSTr particles 

were slightly higher than that in PES/CSTr and the results 

indicated that the in-situ crosslinking approach could maintain 

more CSTr. Thus, the following studies were based on the SI-

PES/CSTr and PES/CSTr particles prepared by Method 2. 

Acid and alkali resistances were important properties for 

adsorption materials. Pristine CS has poor acidic or alkali 

resistance and could be dissolved in 0.01 M HCl or 2 wt.% 

HOAc aqueous solution, and degraded in alkaline solution.
29, 30

 

However, the modification of CS could change the 
hydrophilicity and polarity of CS, while the in-situ crosslinking 

could immobilize the CSTr in the particles to provide more 

stable structure, thus the acid-alkali resistance was improved 

significantly. As shown in Figure 2 (b), the CSTr contents only 

slightly decreased for either PES/CSTr or SI-PES/CSTr hybrid 

particles under the acid and alkali conditions, exhibiting good 

acid-alkali resistance. Furthermore, the weight loss for the SI-

PES/CSTr particles with semi-IPN structure was lower than that 

for the PES/CSTr particles, demonstrating better acid-alkali 

resistances provided by the in-situ crosslinking approach.  

 
Figure 2. (a) The contents of CS or CSTr in hybrid particles 

measured by TGA; (b) The contents of CSTr in PES/CSTr and SI-

PES/CSTr particles measured by TGA after immersing in HCl, 

HOAc and NaOH solutions, respectively.  

 

Further studies indicated that the SI-PES/CSTr had better 

solvent resistance than PES/CSTr against DMAC (see Figure S2). 

In addition, the mechanical property enhanced obviously (see 

Figure S3) compared with the pristine CS particles. 

Morphology of the particles 

SEM was performed to investigate the morphologies of 

the particles. As shown in Figure 3, the pristine PES particle 

was regular sphere, and the finger-like structure was observed 

clearly.
31

 With the increase of CSTr content both for PES/CSTr 

and SI-PES/CSTr particles, the shape of the particles became 

oblate spheroid and the finger-like structure reduced. For the 

PES/CSTr-25 and SI-PES/CSTr-25 particles with the same 

designed CSTr content, the morphology of the skin layer was 

similar to the pristine PES particle, while the internal structure 

changed and the porous structure became compact. However, 

for PES/CSTr-50 and SI-PES/CSTr-50, though the designed CSTr 

content was the same, the morphologies of two particles were 

significantly different. For the PES/CSTr-50 particle, the pore 

structure and finger-like structure disappeared completely, 

and many microspheres appeared in the whole particle, which 

may be caused by the phase separation with high CSTr 

content;
32, 33

 while for the SI-PES/CSTr-50 particle, the 

microspheres were fewer and the pore structure in the skin 

layer could be observed. The results indicated that the semi-
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IPN structure formed by in-situ crosslinking could immobilize 

the CSTr and reduce the phase separation during the particle 

preparation.  

The morphologies of surfaces for the pristine PES, 

PES/CSTr-50 and SI-PES/CSTr-50 were also observed as shown in 

Figure 4. The PES had smooth surface and no pores appeared in the 

surface; while large pores appeared in the surface of PES/CSTr-50, 

which might be caused by the phase separation and loss of CSTr. 

However, for the SI-PES/CSTr-50, fewer pores with smaller size 

appeared in the surface. The results further demonstrated that the 

in situ crosslinking could provide more stable structure which could 

affect either internal structure or surface structure. 

 

 
Figure 3. SEM pictures of cross-sections for PES, PES/CSTr-25, 

PES/CSTr-50, SI-PES/CSTr-25 and SI-PES/CSTr-50 particles. 

 

 
Figure 4. SEM pictures of surfaces for PES, PES/CSTr-50, and SI-

PES/CSTr-50 particles.  

 
Figure 5. (a) APTT and TT values of the PPP, pristine PES and 

hybrid particles; (b) The bilirubin adsorbed amounts per unit 
for pristine PES and hybrid particles after 2 h.  

 
Bilirubin adsorption 

Blood-contacting materials usually require materials have 

good blood compatibility and no procoagulant activity firstly. 

APTT is a performance indicator of the efficacy of the intrinsic 

and common plasma coagulation pathway; while TT was used 

to measure the clot formation time taken for the thrombin 

conversion of fibrinogen into fibrin.
34

 As shown in Figure 5 (a), 

the clotting time of the hybrid particles were not reduced 

compared with the platelet-poor plasma (PPP) and pristine PES. 

Since PES has been widely used as blood-contacting materials, 

the results demonstrated that the hybrid particles had no 

procoagulant activity and may have potential used as blood-

contacting materials. 

The adsorption amount of bilirubin after 2 h was shown in 

Figure 5 (b). Pristine PES particles have low adsorption amount 

of bilirubin; while with the increase of CSTr content, the 

adsorption amount for SI-PES/CSTr-50 increased remarkably 

reaching a maximum of 13.12 mg/g. The results indicated that 

the CSTr could endow PES with adsorption capacity to bilirubin, 

and the hybrid particles had potential application as blood 

purification material. Additionally, it could be observed that 

the adsorption amount for SI-PES/CSTr was higher than that of 

PES/CSTr, demonstrating that the hybrid particles with semi-

IPN structure had more effective CSTr content used for 

adsorbing, which could also reflected by the results of IECs 
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(see Figure S4). As the in-situ crosslinking could limit the 

weight loss of the CSTr and formation of microspheres, this 

approach could provide more effective CSTr content to 

increase the adsorption amount. 

Cu
2+

 Adsorption 

Cu
2+

 was chosen as the representative to investigate the 

adsorption to heavy ion and the adsorbed amounts per unit 

mass of the particles are shown in Figure 6. The adsorption 

amount increased with the increase of CSTr mass ratios which 

could reach a maximum of 15.12 mg/g, and the adsorption 

reached equilibrium after about 50 h (see Figure S8). In 

addition, the adsorption amounts for SI-PES/CSTr-25 and SI-

PES/CSTr-50 were higher than those for the respective 

PES/CSTr-25 and PES/CSTr-50, similar with the results of IECs 

and bilirubin adsorption. The result demonstrated once again 

that the semi-IPN structure could enhance the adsorption 

capacity, and the hybrid particles might have potential 

application to remove heavy ions from wastewater.  

Adsorptions to CR, RhB and MB 

CR and RhB are anionic dyes with potential 

carcinogenicity,
35

 while MB is cationic dye. The CR, RhB and 

MB adsorbed amounts per unit mass of PES and SI-PES/CSTr-

50 particles at pH 7 are shown in Figure 7 (a). Owing to the 

large amount of amino groups, the molecules bearing negative 

charges could be adsorbed. Thus, the CR and RhB adsorbed 

amounts for the SI-PES/CSTr-50 particles were significantly 

higher than that of the pristine PES particles, especially for CR 

adsorption; while the MB adsorbed amount for SI-PES/CSTr 

was the lowest among the three dyes and close to that of PES, 

which indicated that the hybrid particles have selective 

adsorption capability to anionic dyes in according with other 

chitosan-based adsorbents as previous reports.
35, 36

 Figure 7 (b) 

showed that the CR adsorbed amount increased with the 

increase of the CSTr mass ratios. The adsorbed amounts for 

the PES, PES/CSTr-25, PES/CSTr-50, SI-PES/CSTr-25 and SI-

PES/CSTr-50 particles were 29.45, 50.36, 64.06, 57.31 and 

69.47 mg/g, respectively. All the adsorption processes could 

reach equilibrium after about 50 h (see Figure S9).  

 

 
Figure 6. Cu

2+
 adsorbed amounts per unit mass for pristine PES 

and hybrid particles.  

To further investigate the adsorption capacity of hybrid 

particles that were based on different synthetic polymer 

matrixes, polyvinylidene fluoride (PVDF) and polysulfone (PSF) 

were used to prepare the SI-PVDF/CSTr-50 and SI-PSF/CSTr-50 

particles, and the results of CR adsorption are shown in Figure 

7 (c). As shown in figure, the CR adsorbed amounts for the 

modified particles were higher obviously than those for the 

pristine synthetic polymer particles, which demonstrated that 

CSTr could be used to prepare hybrid particles with different 

synthetic polymers. In addition, the adsorption amount of SI-

PES/CSTr-50 was the highest among other modified particles 

with PVDF or PSF, indicating that PES was the optimized 

polymer matrix to prepare CS-based absorbent. 

 

 
Figure 7. (a) The CR, RhB and MB adsorptions for PES and SI-

PES/CSTr-50 particles. (b) The CR adsorbed amounts per unit 

mass for pristine PES and hybrid particles. (c) The CR adsorbed 

amounts per unit mass for PES, PVDF, PSF, SI-PES/CSTr-50, SI-

PVDF/CSTr-50 and SI-PSF/CSTr-50 particles, respectively.  
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Compared with the previous reports, the SI-PES/CSTr particles 

could reach similar adsorption amount at the same concentration.
35, 

36
 Together with the good morphologies, mechanical property and 

acid-base resistance of the hybrid particles compared with some 

chitosan-based adsorbents, the SI-PES/CSTr particles had potential 

application as the adsorbents to remove CR in wastewater 

treatment. 

Adsorptions to BPA, HQ, and NP 

BPA, HQ, and NP are three types of phenols and BPA is an 

environmental hormone which could interfere with the 

endocrine system. The BPA, HQ, and NP equilibrated adsorbed 

amounts at pH 7 for the PES, PES/CSTr-50 and SI-PES/CSTr-50 

particles are shown in Figure 8 (a). The BPA adsorbed amounts 

for the PES/CSTr-50 and SI-PES/CSTr-50 particles were 

obviously higher than that for the pristine PES, while the HQ 

and NP adsorbed amounts were closed to these for PES 

particles. The results indicated that the hybrid particles had 

selective adsorption character for BPA at pH 7, which would 

have potential application to selectively remove BPA from 

wastewater. This result might be caused by the existence of 

hydrophobic groups in BPA and CSTr, which could reduce the 

molecule polarity and hydrophilicity. Thus, the binding 

capability increased due to the similar polarity and chemical 

groups. On the other hand, despite that PES is more 

hydrophobic than CSTr, the PES had polar groups such as 

sulphone groups, which could increase the physical adsorption 

capacity to polar molecules such as NP. Thus, owing to the 

existences of the sulphone groups in PES, the NP adsorption 

for the PES was higher than that for the SI-PES/CSTr-50.   

The effect of concentration on the BPA adsorption amount 

was also investigated and the results are given in Figure 8 (b). 

As shown in the figure, the adsorbed amounts increased with 

the increase of the concentration, which could be attributed to 

the increased contacting probability between the BPA 

molecules and the adsorbing sites in the particles. In addition, 

the concentration could accelerate the diffusion of the BPA 

molecules into the hybrid particles.
9
  

The BPA adsorbed amount increased with the increase of 

the CSTr mass ratios in the particles as shown in Figure 8 (c), 

and the adsorbed BPA amounts for the PES, PES/CSTr-25, 

PES/CSTr-50, SI-PES/CSTr-25 and SI-PES/CSTr-50 were 7.23, 

11.96, 15.38, 12.00 and 16.58 mg/g, respectively. It could be 

observed that the BPA adsorbed amounts to the SI-PES/CSTr 

particles were higher than those to the PES/CSTr particles, 

which was similar to the results of adsorptions to bilirubin, 

Cu
2+

 and CR, and further indicated that the semi-IPN structure 

had a positive effect on the adsorptions to different toxins.  

On the other hand, previous studies investigated the NP or 

BPA adsorption amount at different concentrations.
37, 38

 

Compared with the previous studies, at the same 

concentration of NP used in this study (200 μmol/L, 27.8 mg/L), 

the adsorption amount for the hybrid particles was higher 

(about 12 mg/g) than that in the previous study (about 5 mg/g). 

For BPA adsorption, the SI-PES/CSTr-50 could reached the 

similar adsorption amount at lower concentration (200 μmol/L, 

45.6 mg/L) compared with the previous study (100-200 mg/g). 

These results indicated that the SI-PES/CSTr particles may have 

more effective adsorption capacity at lower concetration of NP 

or BPA, and this might be beneficial to apply in wastewater 

treatment. 

Furthermore, three kinetic models (pseudo-first-order, 

pseudo-second-order and intraparticle diffusion) were used to 

analyse the BPA adsorption in this study. The pseudo-first-order 

kinetic model is more suitable for low concentration of solute.
39

 It 

can be represented in the following form:
40

 

1
In( - )=In -e t eq q q k t                                                         (2)  

 

 
Figure 8. (a) The BPA, NP and HQ adsorptions to the pristine 

PES and SI-PES/CSTr-50 particles. (b) The BPA adsorbed 
amounts per unit mass for the SI-PES/CSTr-50 particles with 

various initial concentrations. (c) The BPA adsorbed amounts 
per unit mass for the pristine PES and hybrid particles.
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where qt is the BPA amount adsorbed at time t (mg/g); qe is that 

adsorbed at the equilibrium (mg/g); k1 is the rate constant of 

pseudo-first-order equation.  

the pseudo-second-order is dependent on the amount of the 

solute adsorbed on the surface of adsorbent and the amount 

adsorbed at equilibrium, and the equation was expressed in the 

following form:
40

 

2

2

1

t e e

t t

q k q q
= +

                                                                          (3)   

where k2 is the rate constant of pseudo-second-order equation; qt, 

qe, and t have the same meaning as those in the pseudo-first-order 

equation. 

Besides, the intraparticle diffusion model could identify the 

diffusion mechanism and the equation can be written in the 

following form:
41

 
1/2

t pq k t C= +
                                                                                (4)

 

where kp is the rate constant of intraparticle diffusion model, C is a 

constant for any experiment (mg/g), qt has the same meaning as 

that in Eq. (3). 

 

 

 
 

Figure 9. (a) Application of the pseudo-second-order 

adsorption model for the BPA adsorption onto the pristine PES 

and hybrid particles. (b) The intraparticle diffusion model for 

the BPA adsorption onto the pristine PES and hybrid particles.
 
 

 

 

 
Figure 10. (a) Application of Langmuir adsorption isotherm of 

PES/CSTr and SI-PES/CSTr particles. (b) Application of Freundlich 

adsorption isotherm of PES/CSTr and SI-PES/CSTr particles.
 

 
The results of BPA adsorption indicated that the data did 

not agree well with the pseudo-first-order kinetic model, but 

prefer fitted the pseudo second-order and intraparticle 

diffusion model as shown in Figure 9. For the pseudo second-

order model, the rate constant (k2) and the equilibrium 

adsorption capacity (qe) could be obtained and all the 

correlation coefficients (r2) were higher than 0.99 (see in Table 

S2), indicating that the adsorption to PBA fitted the pseudo 

second-order model well. For the intraparticle diffusion model, 

the three slopes in each curve indicated that there were three 

diffusion steps during the adsorption process: the first step 

was the external surface adsorption or diffusion in macro-

pores. The second step was the gradual adsorption step and 

was controlled by intraparticle diffusion. The third step was 

the final equilibrium step, for which the adsorbent molecules 

moved slowly from larger pores to micro-pores and caused a 

slow adsorption rate. The rate constant (k) for three steps can 

be obtained and all the correlation coefficients (r2) were higher 

than 0.98 (see in Table S3). 

The adsorption isotherms were also analysed including 

Langmuir and Freundlich adsorption isotherm. The Langmuir 

adsorption isotherm has been successfully applied to many 

adsorption processes and the equation is as follows: 
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max max

1e e

e L

C C

q q k q
= +

                                                                 (5)  

where qe is the mass of the BPA adsorbed by the unit mass 

after the adsorption reaches equilibrium (mg/g); Ce is the 

equilibrium concentration of the BPA (mg/L); qmax is the 

maximal adsorbed amount of the particles (mg/g); kL is the 

Langmuir adsorption constant. As shown in Figure. 10 (a), a 

plot of Ce/qe versus Ce give a straight line with the slope of 

1/qmax and the intercept Ce/(qmax). All the correlation 

coefficient (r2) were higher than 0.98 (see Table S4), which 

indicated that the adsorption to PBA on the PES/CSTr and SI-

PES/CSTr particles followed the Langmuir adsorption isotherm.  

The Freundlich isotherm
42

 is an empirical equation, and its 

form is as follows: 
1/n

e F eq k C=
                                                                               (6)

 

where kF is the Freundlich isotherm constant; qe and Ce has the 

same meaning as that in Eq. (5); 1/n is the influence coefficient of 

solution concentration to the equilibrium adsorbed amount. The 

linear form of the Freundlich isotherm equation can be obtained by 

the following equation: 

ln (1/ )ln
e F e

q k n C= +
                                                         (7) 

A linear plot was obtained when lnqe was plotted against lnCe, 

as shown in Figure. 10 (b), and then the parameters could be 

obtained (see Table S4). The values of the correlation coefficient 

were higher than 0.95, and some of them could reached 0.99.  It 

indicated that the adsorption process also fitted this model. The 

above results suggested that both of the monolayer Langmuir 

adsorption isotherm and Freundlich isotherm were suitable for 

explaining the adsorption process. 

 

Desorption of Cu
2+

, CR and PBA from the hybrid particles 

The Cu
2+

 desorption experiments were carried out in EDTA 

aqueous solution (0.01 M) and hydrochloric acid aqueous 

solution (pH 2) using the SI-PES/CSTr-50 particles. The 

desorbed ratios for three repeating times are given in Figure 

11 (a). As shown in the figure, the desorbed ratios for each 

time in EDTA and HCl were similar, and the total desorbed 

ratios were higher than 0.95. With the good acid-base 

resistance, it suggested that the SI-PES/CSTr-50 particles after 

Cu
2+

 adsorption could be regenerated easily using EDTA or HCl 

solution.  

The CR and BPA desorption experiments were carried out 

in ethanol solution and hydrochloric acid aqueous solution (pH 

2), and the results are shown in Figure 11 (b) and Figure 11 (c). 

As shown in the figures, the first desorbed ratios in EtOH were 

higher than that in HCl for both CR and BPA, since EtOH is the 

good solvent for CR and BPA. The total desorbed ratios could 

be over 0.95 in both EtOH and HCl solution, which indicated 

that the hybrid particles after BPA or CR adsorption could be 

regenerated easily using EtOH or HCl. Together with the good 

acid-base resistance and mechanical properties, the SI-

PES/CSTr particles may have wide practicability in the 

wastewater treatment and could be utilized circularly. 

 
Figure 11. (a) The desorption ratios of Cu

2+
 in EDTA and HCl 

aqueous solution, respectively. (b) The desorption ratios of CR 

in HCl aqueous solution and ethanol, respectively. (c) The 

desorption ratios of BPA in HCl aqueous solution and ethanol, 

respectively.
 

 

Conclusion 

In this work, chitosan-based hybrid particles were 

prepared by two methods using synthetic polymer matrixes. 

The in-situ crosslinking approach using 2-amino-6-O-

triphemylmethyl chitosan was proved to be an effective way to 

increase the content of chitosan, and could be used to prepare 

hybrid particles with synthetic polymers such as PVDF, PSF and 

PES. PES was chosen as the reprehensive polymer matrix to 

prepare hybrid particles with semi-IPN structure. The hybrid 

particles with semi-IPN structure exhibited better acid-alkali 
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resistance and mechanical property compared with the 

pristine chitosan particles, and exhibited good adsorption 

capacity to toxin bilirubin without procoagulant activity. In 

addition, the hybrid showed good adsorption capacity to Cu
2+

 

and selective adsorption capability to anionic dyes CR and RhB 

at neutral pH condition. Furthermore, the hybrid particles had 

selective adsorption to BPA among BPA, NP and HQ, and the 

BPA adsorption process agreed well to the pseudo-second-

order model and intraparticle diffusion model, and fitted with 

Langmuir isotherm and Freundlich isotherm. We anticipated 

that this approach to prepare chitosan-based hybrid particles 

with semi-IPN structure could provide a route to improve the 

versatile adsorption capability and make some potential 

contributions to the fields of blood purification and 

wastewater treatment. 
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The schematic illustration for preparing PES/CS, PES/CSTr and SI-PES/CSTr particles using Method 1 and 
Method 2, respectively.  
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