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vior and mechanism of b-
cyclodextrin–styrene-based polymer for cationic
dyes

Xia Li, * Long Xie, Xuan Yang and Xiaojuan Nie

Cyclodextrin polymers are efficient adsorbents for dye adsorption. Herein, a b-cyclodextrin polymer (b-

CDSP) with carboxyl groups and benzene rings was prepared via free radical polymerization of b-

cyclodextrin-maleate and styrene. The adsorption performance of b-CDSP was studied by adsorbing

neutral red (NR), basic fuchsin (BF) and safranine T (ST) dyes under different adsorption conditions (e.g.,

adsorption time, temperature and pH of the solution). The results showed that the adsorption of BF and

ST was faster and better than that of NR. The adsorption kinetic behavior fitted well with both the

pseudo-first-order and the pseudo-second-order models for NR and BF, but it fitted better with the

latter for ST. The adsorption equilibrium data followed the Langmuir isotherm model. The adsorption

process was endothermic and spontaneous, and a higher temperature was favorable for dye adsorption.

Higher qt values were obtained in a basic medium, which resulted from the electrostatic interactions

between b-CDSP and cationic dyes. Furthermore, inclusion complexion and p–p interactions also

contributed to the dye adsorption. The stability and reusability of b-CDSP were estimated by four

regeneration cycles.
Introduction

Dyes, as a relatively large group of organic compounds with
complicated structures, nd extensive utility in textile, leather,
printing, paper, rubber, plastic, pharmaceutical and food
industries to color their products.1–3 Meanwhile, wastewater
caused by dyes is a serious threat to the environment and
human safety due to the toxic effects and because degradation
of dyes is difficult. Many studies have raised great concerns
about the research on the adsorption of dyes by different
adsorbents.

Cyclodextrins (CDs) are a series of cyclic oligosaccharides
consisting of six (a-CDs), seven (b-CDs) or eight (g-CDs) anhy-
drous D-glucopyranose units (AGU) bonded through a-(1,4)
glycosidic linkages. CDs have attracted great attention owing to
their specic chemical structures with truncated cone cavities
since they were discovered by Villiers. The hydrophobic internal
surface of a CD cavity is formed by glycosidic oxygens and
methane protons, which can form inclusion complexes with
many organic molecules through non-covalent interactions.4–6

The hydroxyl groups located on the rim of the cavity make the
external surface of the cavity hydrophilic. Importantly, the
hydroxyl groups can be substituted by different organic groups
to form various CD derivatives, which have been widely used in
the elds of pharmaceutics, separation, food, life and
ience, North University of China, Shanxi

6.com

hemistry 2018
environment science.7–11 Especially for the treatment of waste-
water, adsorption using cyclodextrin-based polymers (CDPs) as
adsorbents is an efficient technique because of its specic
affinity, simple operation and low cost.12

CDPs are oen prepared by the reaction of cyclodextrins with
crosslinking reagents or by graing cyclodextrins on other
polymers. Grégorio Crini et al. used CDPs containing carboxylic
groups and hydroxyl groups for the removal of C. I. Basic Blue 9
and cationic dyes (C. I. Basic Blue 3, Basic Violet 3 and Basic
Violet 10), respectively.13,14 High adsorption capacity of the
adsorbent was exhibited toward these dyes. Elif Yilmaz et al.
prepared CDPs using 4,40-methylene-bisphenyl diisocyanate or
hexamethylene diisocyanate as a cross linking agent, and they
used them for adsorbing azo dyes (Evans Blue and Chicago Sky
Blue) and aromatic amines.15 The results indicated that physical
adsorption, hydrogen bonding interactions and the formation
of an inclusion complex between the host and guest play
important roles in the adsorption. Furthermore, cross-linked
chitosan/b-cyclodextrin composites16,17 and cyclodextrin-based
nano-adsorbents18–20 were also widely developed and utilized
in the adsorption for many types of dyes because of their
specic adsorption capacity.

In this paper, a novel water-insoluble b-cyclodextrin–styrene-
based polymer (b-CDSP) was synthesized successfully by the
copolymerization of b-cyclodextrin-maleate and styrene. Three
cationic dyes with conjugate aromatic rings and amino groups,
i.e., neutral red (NR), basic fuchsin (BF) and safranine T (ST),
which have wide applications in industries,21,22 were
RSC Adv., 2018, 8, 40321–40329 | 40321
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determined as adsorbates to evaluate the adsorption perfor-
mance of b-CDSP. Several important parameters affecting the
adsorption capacity (e.g., adsorption time, temperature and pH
of the solution) were studied and analyzed during the three dye
adsorption process and the possible mechanism was discussed.
Furthermore, the reusability of b-CDSP was evaluated via
sequential adsorption–desorption cycles.
Experimental
Materials

b-Cyclodextrin was obtained from the Kermel Chemical Reagent
Factory of Tianjin (Tianjin, China). Maleic anhydride (MA),
sodium hydride (60%), N,N-dimethylformamide (DMF) and
styrene were purchased from Tianjin Chemical Reagent Factory
No. 3 (Tianjin, China). DMF was dried and redistilled before
use. Dibenzoyl peroxide (BPO) was purchased from Nanjing
Chemical Reagent Factory (Nanjing, China). The three dyes NR,
BF and ST (please see Scheme 1 for their structural formulas)
were supplied by Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China). All the chemicals and reagents used were of
analytical grade.
Preparation of b-CDM

b-CD (2.27 g, 2 mmol) was completely dissolved in dry DMF (40
mL), and solid sodium hydride (0.48 g, 12 mmol) was slowly
added with vigorous stirring. Aer being magnetically stirred at
room temperature for 24 h, solid MA (1.372 g, 14 mmol) was
slowly added into the solution. The mixture was stirred for an
additional 48 h at room temperature and then added drop-wise
into acetone. A white product was precipitated and washed with
acetone 3–5 times. Aer being dried in vacuum at room
temperature, the obtained b-CDM was kept in a sealed glass
vacuum desiccator.
Preparation of b-CDSP

The copolymerization of b-CDM and styrene was performed by
the following procedure. First, b-CDM (1.2 g) and styrene (3.1 g)
were dissolved in benzene (25 mL) under constant stirring.
Second, the initiator of BPO (0.04 g) was slowly added into the
solution. Then, the mixture was heated to 80 �C and stirred for
another 4 h at this temperature. The reaction product was
precipitated with methanol and then washed with a large
quantity of distilled water 3–5 times to remove unreacted b-
Scheme 1 Chemical structures of dyes.

40322 | RSC Adv., 2018, 8, 40321–40329
CDM. Thereaer, the obtained white solid products were
washed with methanol again and dried in a vacuum desiccator
at 50 �C for 8 h.
Characterization and stability of b-CDSP

The FTIR spectra of b-CDM and b-CDSP were measured using
the KBr disc method on a Bruker VERTEX 70 instrument. The
mixed powder was compressed into a transparent disk and
scanned from 4000 to 400 cm�1 using an average of 16 scans
with a resolution of 1 cm�1. The 1H NMR and 13C NMR spectra
were recorded on a Bruker Avance 600 spectrometer at 600MHz.
b-CDSP was dissolved in CDCl3 as the solvent. Scanning elec-
tron microscopy (SEM) of the sample was conducted using FEI
Inspect F50. X-ray diffraction patterns (XRD) of b-CD and b-
CDSP were acquired from 5 to 85�on a Bruker D8 ADVANCE
A25X instrument. The molecular weight (Mw) of b-CDSP was
measured by gel permeation chromatography (GPC) on an
Agilent PLGPC220 instrument using N,N-dimethylformamide
as a solvent. To investigate the thermal stability and degrada-
tion behavior of b-CDSP, the TGA curves of b-CD and b-CDSP
were measured on a Mettler Toledo TGA1 instrument under
nitrogen ow. The weight loss of b-CD and b-CDSP was moni-
tored from 0 to 800 �C at a rate of 10 �C min�1.
Adsorption experiments

In this study, batch adsorption experiments were performed by
the following method: 50 mg adsorbent was mixed with 50 mL
dye aqueous solution with a certain concentration in a 150 mL
closed conical ask. Stock solutions of the three dyes
(50 mg L�1) were prepared in double-distilled water. The
desired experimental solutions of dyes were obtained by
successive dilution of these stock solutions with double-
distilled water. The adsorption of NR, BF and ST on b-CDSP
was studied at different adsorption times (30–180 min), pH
values (2–12) and temperatures (298–338 K). All the experiments
were performed at a constant shaking rate of 300 rpm. The
temperature of adsorption was determined by a temperature-
controlled shaking water bath. The pH value of the aqueous
solution, monitored with a pH meter, was adjusted by adding
0.01 MHCl or 0.01 M NaOH. Aer stirring for a certain time, the
adsorbent was removed by centrifugation before measure-
ments, and the corresponding supernatant was analyzed by
a TU-1800 UV-vis spectrophotometer at 523 nm for NR, 544 nm
for BF and 554 nm for ST. The calibration curves of the dyes
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07709f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 3
:4

5:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
were rst obtained and used to convert absorbance data into
concentrations during the adsorption experiments.

The amount of each dye absorbed by b-CDSP, i.e., qt was
calculated with the following formula:

qt ¼ VðC0 � CtÞ
W

Here, qt (mg g�1) is the adsorption capacity at real time t, V
(L) is the volume of dye in the aqueous solution, C0 (mg L�1) and
Ct (mg L�1) are the initial and real-time concentrations of dye
solution, respectively, and W (g) is the weight of b-CDSP.
Results and discussion
Characteristics of b-CDSP

The FTIR spectra of b-CDSP together with that of b-CDM as
a comparison are shown in Fig. 1a. The peaks at around 3384,
2848 and 2922 cm�1 were assigned to O–H and C–O stretching
Fig. 1 (a) FTIR spectra of b-CDSP and b-CDM; (b) 1H NMR spectrumof b-
CDSP.

This journal is © The Royal Society of Chemistry 2018
vibrations for C-2 and C-3 from cyclodextrin in the b-CDSP
spectrum. The peaks at 1720 and 1662 cm�1 observed in the b-
CDM spectrum were assigned to C]O and C]C stretching
vibrations from dienoic acid ester groups. Aer copolymeriza-
tion with styrene, the peak at 1662 cm�1 disappeared in the b-
CDSP spectrum. The new peaks from 3026 to 3064 cm�1 origi-
nated from C–H stretching vibrations, and the peaks at 1581,
1491, 1452, 760 and 696 cm�1 corresponded to C–H bending
vibrations of benzene rings from a cyclodextrin–styrene-based
polymer. These results suggested that b-CDSP has been
successfully synthesized.

Fig. 1b shows the 1H NMR spectrum of b-CDSP. The peaks at
0.77–2.18 ppm were ascribed to the protons of –OH, –CH2– and
–CH– on CDs and alkyl chains, and the peaks at 6.34–7.31 ppm
were identied as the protons of –CH– in benzene rings. The
ratio of the integrated peak areas of a� l andm� o was 1 : 1.23.
For the 13C NMR spectrum (Fig. 1c), the peaks (e, i � l) at
28.69 ppm and 39.37–43.16 ppm were assigned to carbons of
alkyl chains. The peaks (b � d, f) at 75.79 and 76 ppm were
CDSP; (c) 13C NMR spectrum of b-CDSP; (d) TGA curves of b-CD and b-

RSC Adv., 2018, 8, 40321–40329 | 40323
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ascribed to the carbons from C–O of the polymer, whereas the
signals of carbons from ester groups (g, h) were found at 144.19
and 144.30 ppm. Moreover, the peaks (m � p) at 124.46–
128.47 ppm corresponded to the carbons of C]C of benzene
rings. The ratio of the integrated peak areas of g, h and m � p
was 1 : 10.55. These data veried the successful polymerization
of b-CDM and styrene.

Fig. 2a shows the powder X-ray diffraction pattern of b-CDSP,
where the result for b-CD is presented for comparison. It is clear
that the crystalline feature of b-CD decreased aer polymeri-
zation with styrene because of the formation of new covalent
bonds of b-CDSP. The new broader diffraction angles (2q) at
10.9� and 19.1� observed for b-CDSP were assigned to the
amorphous structure of the polymer, which resulted from
phenethyl groups that increased the randomness of the amor-
phous region.23 The surface morphology of b-CDSP was char-
acterized with SEM, as shown in Fig. 2b. It can be seen that b-
CDSP exhibited a granular and porous structure with mostly
irregular shapes because of the formation of covalent bonds
between b-CDM and styrene.24 The porous structure was bene-
cial for the access of the dye molecules into the interior of b-
CDSP, which may result in good adsorption of dyes. The
molecular weight of b-CDSP was measured by GPC, and the
value of Mw was 451 056.

The thermal stability and degradation behavior of b-CDSP
were evaluated by TGA (Fig. 1d). In the rst stage, the weight
loss below 120 �C was ascribed to water evaporation for both b-
CD and b-CDSP.25 Then, a large mass loss peak occurred at
about 310–350 �C because of the decomposition of cyclodextrin,
and a nal weight loss to 9.15% of the initial weight occurred
for b-CD. The TGA curve of b-CDSP shows a multi-stage weight
loss from 275 �C to 435 �C, where the decomposition temper-
ature of b-CDSP was higher than that of b-CD. This may be due
to the degradation of cyclodextrin and its functional groups.
Aer 540 �C, a residual weight of 4.01% of the initial weight
remained and decomposed slowly as a residue with high
thermal stability. Such results indicated signicant improve-
ment in the thermal stability of b-CDSP aer the polymerization
of b-CD and styrene.
Fig. 2 (a) XRD pattern of b-CDSP (inset displays XRD pattern of b-CD);

40324 | RSC Adv., 2018, 8, 40321–40329
Adsorption of dyes

Inuence of adsorption time. By plotting the adsorption
capacities of NR, BF and ST dyes versus adsorption time at
different concentrations (T ¼ 25 �C, pH ¼ 8), we report the
corresponding results of adsorption (Fig. 3). It is clear that the
adsorption increased promptly at the initial stages because of
rapid attachment of the dyes to b-CDSP.26 Aer 90 min, the
adsorption showed no signicant enhancement and became
constant for BF and ST. Thus, the time of 90 min is sufficient for
reaching the adsorption equilibrium for the two dyes. The
adsorption of NR increased rapidly before 120 min and kept
increasing gradually until the equilibrium was reached by pro-
longing the contact time. According to the adsorption curves,
a much higher qt value was presented for BF and ST than that
for NR because of their different structures.

Adsorption kinetics. To further investigate the adsorption
behavior of the three dyes on b-CDSP, commonly used pseudo-
rst order and pseudo-second order models were employed to
describe the experimental results.27 The pseudo-rst order rate
expression of Lagergren is given as the following equation:

qt ¼ qe(1 � e�k1t) (1)

The pseudo-second order model proposed by Ho and McKay
is represented in the following form:

qt ¼ k2qe
2t

1þ k2qet
(2)

Here, k1 (min�1) and k2 (g mg�1 min�1) are the rate constants
of the pseudo-rst order and pseudo-second order models,
respectively, qt (mg g�1) and qe (mg g�1) are the adsorption
capacities of the dye on b-CDSP at any time t and at equilibrium,
and t (min) is the adsorption time.

By non-linear tting the experimental data to the two
models, we report the kinetic parameters of NR, BF and ST
adsorbed onto b-CDSP (Table 1). It can be seen that both the
pseudo-rst order and the pseudo-second order rate expres-
sions (R2 > 0.99) have good agreement with the experimental
data for NR and BF. The higher coefficients of the two models
(b) SEM image of b-CDSP.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of adsorption time on NR, BF and ST dye adsorption capacity of b-CDSP under different initial concentrations.
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suggested that the adsorption of the three dyes on b-CDSP was
not only a chemisorption process but also a diffusion-controlled
process.28 However, the pseudo-second-order model tted
better than the pseudo-rst-order model for ST. It seems that
the greater number of chemical interactions generated from the
cationic dyes and carboxyl groups on the adsorbent can account
for this process. Moreover, with an increase of the solution
concentration, the adsorption rate was found to be slow due to
the occupied active sites on the surface of b-CDSP.

Inuence of temperature. Temperature plays an important
role in the adsorption process. Fig. 4 shows the adsorption
results of NR, BF and ST on b-CDSP with initial dye
Table 1 Kinetic parameters of NR, BF and ST dye adsorption on b-CDSP

Dye
Concentration
(mg L�1) qe (exp) (mg g�1)

First-order kinetic model

k1 (min�1) qe (cal) (m

NR 10 3.85 0.0181 3.5584
30 8.66 0.0176 8.9207
50 11.31 0.0191 11.2703

BF 10 6.75 0.0293 6.6299
30 22.32 0.0292 22.2368
50 29.56 0.0298 28.8886

ST 10 6.32 0.0397 6.1801
30 21.69 0.0282 20.6703
50 26.58 0.0299 25.7782

This journal is © The Royal Society of Chemistry 2018
concentrations of 5–100 mg L�1 at different temperatures (25,
35, 45, 55 and 65 �C) and pH¼ 8. Adsorption times of 90 min for
BF and ST and 120 min for NR were selected. The results show
that the adsorption capacity at equilibrium increased with the
increase in temperature for all the three dyes. Especially for NR,
the adsorbed amount was inuenced greatly by temperature,
and the largest divorce value of qe was found to be 8.60 mg g�1

at 60 mg L�1 of dye concentration from 25 to 55 �C. The
adsorbed amounts of BF and ST, in contrast, were less inu-
enced by temperature and slightly increased with the increase
in temperature. Moreover, the adsorption capacity tended to be
steady and reached saturation aer a rapid increase at low
Second-order kinetic model

g g�1) R2 k2 (g mg�1 min�1) qe (cal) (mg g�1) R2

0.9998 0.0034 4.7247 0.9978
0.9981 0.0013 11.9043 0.9951
0.9991 0.0012 14.8385 0.9946
0.9985 0.0041 8.0026 0.9945
0.9933 0.0012 26.9520 0.9957
0.9963 0.0009 34.9713 0.9913
0.9910 0.0071 7.1602 0.9914
0.9848 0.0013 24.9753 0.9952
0.9863 0.0011 30.8998 0.9953

RSC Adv., 2018, 8, 40321–40329 | 40325
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Fig. 4 Equilibrium adsorption of NR, BF and ST on b-CDSP at different temperatures.
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initial concentrations (<60 mg L�1). This is likely due to the
occupation of active sites on b-CDSP. Thermodynamic param-
eters including the enthalpy change (DH0), entropy change (DS0)
and Gibbs free energy change (DG0) were utilized to describe the
adsorption process of the three dyes on b-CDSP. These param-
eters were calculated by the following equations:29,30

DG0 ¼ �RT ln KD (3)

ln KD ¼ DS0

R
� DH0

RT
(4)

lim
Ce/0

qe

Ce

¼ KD (5)

Here, KD is the equilibrium constant, which becomes
dimensionless when the adsorbate solution is very dilute, R is
the universal gas constant (8.314 J mol�1 K�1) and T is the
absolute temperature (K); DH0 and DS0 can be calculated by the
slope and intercept of the plot of ln KD vs. 1/T.

The obtained thermodynamic parameters are listed in Table
2. The positive values of DH0 revealed that the adsorption of NR,
BF and ST dyes on b-CDSP was an endothermic process, which
induced the increase of adsorption capacity with increasing
temperature. The negative values of DG0 suggested that the
absorption process of the three dyes was spontaneous and
favorable at all the studied temperatures. All theDS0 values were
positive, suggesting an increase in the randomness at the solid/
solution interface during the adsorption,31,32 which increased
the contact opportunities between the dye molecules and b-
CDSP and enhanced the adsorption. These results showed that
Table 2 Thermodynamic parameters for NR, BF and ST dye adsorption

Dye NR BF

Temperature
(�C)

DG0 (kJ
mol�1)

DH0 (kJ
mol�1)

DS0 (J/K
mol)

DG0 (kJ
mol�1)

25 �8.47 46.86 190.30 �10.97
35 �13.20 �11.53
45 �14.36 �12.84
55 �15.85 �14.15
65 �16.40 �15.05

40326 | RSC Adv., 2018, 8, 40321–40329
the adsorption of NR, BF and ST dyes on b-CDSP was more
favorable at a relatively higher temperature.

Adsorption isotherms. The widely used Langmuir and
Freundlich isotherm models were utilized to analyze the
experimental equilibrium data at a constant temperature in the
present study. The linear equations are given as follows:25,33

Langmuir : qe ¼ qmKLCe

1þ KLCe

(6)

Freundlich: qe ¼ KFC
1/n
e (7)

Here, Ce (mg L�1) and qe (mg g�1) are the solution concen-
tration and adsorption capacity of dye at equilibrium, respec-
tively, KL (L g�1) is the Langmuir isotherm constant, qm (mg g�1)
is the maximum adsorbed amount of dye, and KF (L g�1) and n
are the Freundlich constant and the heterogeneity factor,
respectively.

Table 3 shows the correlation coefficients (R2) and isotherm
parameters of the Langmuir and Freundlich isotherm models.
The Langmuir adsorption model with larger values (R2 > 0.99)
provided a better t than the Freundlich model for NR, BF and
ST dye adsorption. This result conrmed that the adsorption
process of the dyes on b-CDSP included the formation of
a monolayer onto the homogenous adsorbent surface, and the
adsorption occurred at specic sites of the adsorbent. The
maximum adsorption capacities (qm) of NR, BF and ST dyes on
the adsorbent were determined to be 29.46, 63.64 and 49.01 mg
g�1, respectively. Better adsorption results were presented for
BF dye due to higher affinity with b-CDSP.
on b-CDSP

ST

DH0 (kJ
mol�1)

DS0 (J/K
mol)

DG0 (kJ
mol�1)

DH0 (kJ
mol�1)

DS0 (J/K
mol)

21.19 107.24 �11.13 0.68 36.18
�11.81
�13.36
�11.70
�12.92

This journal is © The Royal Society of Chemistry 2018
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Table 3 Isotherm parameters of NR, BF and ST dye adsorption on b-CDSP

Dye

Model Langmuir Freundlich

Temperature
(�C) KL (L g�1) qm (mg g�1) R2 KF (L g�1) n R2

NR 25 0.0305 18.38 0.9970 1.4495 1.9304 0.9796
35 0.1734 27.26 0.9958 5.9685 3.1697 0.9756
45 0.2283 29.46 0.9975 7.5221 3.4407 0.9721
55 0.3343 28.84 0.9709 9.0678 3.8203 0.9556
65 0.3426 28.09 0.9884 9.3710 3.8941 0.9525

BF 25 0.0838 53.32 0.9963 5.7023 2.3391 0.9887
35 0.0903 63.64 0.9961 6.5092 2.4648 0.9918
45 0.1285 52.27 0.9976 7.7056 2.6691 0.9967
55 0.1793 43.80 0.9966 9.0631 2.9260 0.9740
65 0.2116 43.86 0.9921 9.7391 3.0918 0.9739

ST 25 0.0893 39.13 0.9985 4.9254 2.3104 0.9747
35 0.1008 49.01 0.9988 5.8044 2.4926 0.9826
45 0.1565 45.18 0.9959 5.4975 2.4158 0.9782
55 0.0730 36.65 0.9991 6.3250 2.4808 0.9867
65 0.0994 41.53 0.9990 8.0606 2.8540 0.9810
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Inuence of solution pH. For dye adsorption, it is very
important to study the pH values of the solution during the
adsorption process. The acidity and basicity of the solution can
easily change the surface charges of both the adsorbent and
adsorbate and inuence their properties.27 Fig. 5 shows the
effect of the initial solution pH on the adsorption of NR, BF and
ST by b-CDSP. It is clear that the adsorption of BF and ST on b-
CDSP increased sharply within the pH range measured in this
study. Meanwhile, the results showed similar adsorption
capacity for NR at pH < 8. It is reasonable that NR molecules
enter the cavities of CDmore easily compared to BF and ST with
larger volume structures due to steric hindrance. Inclusion
complexation makes major contribution towards NR adsorp-
tion. The faster enhancement of BF adsorption in a pH range
from 2 to 8 is ascribed to stronger p–p interactions between the
benzene rings on the adsorbent and BF molecule. With an
increase in pH, the decreased protonation of the carboxyl
groups on b-CDSP is favorable for decreasing the repulsive
Fig. 5 Effect of pH on NR, BF and ST dye adsorption capacities of b-
CDSP.

This journal is © The Royal Society of Chemistry 2018
forces between the adsorbent and dyes.34 The highest adsorp-
tion values can reach up to 8.775 mg g�1 for ST at pH ¼ 12.

Mechanism of adsorption. According to the above results,
a better adsorption capacity of b-CDSP was obtained for BF and
ST than for NR. This can be due to the different chemical
structures of the dyes and the change in charges of b-CDSP in
different conditions. Compared with BF and ST, NR, with a line
structure, easily enters the cavity of CD to form an inclusion
complex. However, for BF and ST with more amino groups and
a larger conjugation system, stronger electrostatic interactions
with the carboxyl groups and p–p interactions with the benzene
rings on b-CDSP were observed during the adsorption process.
Especially for the adsorption in acidic solutions, the inclusion
complexation and p–p interactions between b-CDSP and
adsorbates contribute signicantly to the adsorption of the
three dyes. In addition, the carboxyl groups on the polymer are
protonated under acidic conditions, which weakens the elec-
trostatic interactions between b-CDSP and cationic dyes. With
an increase in pH values, the increasing deprotonation of
carboxyl groups makes the surface of the adsorbent process
negatively charged and enhances the electrostatic interactions
with amino groups on dyes. Thus, the adsorption capacity
improved greatly for the three dyes, and a higher pH is more
favorable for the adsorption of the three cationic dyes by b-
CDSP. Besides inclusion complexation and p–p interactions,
electrostatic interactions play an important role in this process
in basic conditions. Scheme 2 presents the adsorption mecha-
nism of NR, BF and ST on b-CDSP.

Recyclability of the adsorbent. It is important to estimate the
stability and reusability of an adsorbent in view of its practical
application. In this study, the adsorption performance of b-
CDSP was evaluated for four sequential cycles of adsorption–
desorption at the initial concentration of 10 mg L�1 and pH¼ 8.
The adsorption temperature was maintained constant at 25 �C.
The dye-loaded cyclodextrin polymer was regenerated aer
washing with solvent HCl (0.1 M), deionized water and ethanol.
RSC Adv., 2018, 8, 40321–40329 | 40327
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Scheme 2 Adsorption mechanisms of NR (a), BF (b) and ST (c) on b-CDSP.

Fig. 6 The adsorption capacities of NR, BF and ST dyes on b-CDSP at
different cycle numbers.
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Fig. 6 shows the results of the recovery experiments. Aer four
sequential cycles, the adsorption capacities of NR, BF and ST
dyes on b-CDSP did not decrease signicantly and the values
were 78.86, 82.33 and 80.71% of the initial adsorption values,
respectively. It is evident that b-CDSP as an excellent adsorbent
is stable and reusable for adsorbing the three cationic dyes.
Conclusions

In this paper, b-CDSP with carboxyl groups and aromatic rings
was developed and characterized as a new adsorbent for dyes.
The adsorption capacities of NR, BF and ST dyes on b-CDSP
were studied under different adsorption conditions such as
adsorption times, temperatures and pH values. The experi-
mental data showed that the adsorption equilibrium could be
40328 | RSC Adv., 2018, 8, 40321–40329
reached within 90 min for BF and ST and 120 min for NR. The
adsorption kinetics data were tted well with the pseudo-rst
order and the pseudo-second-order models for NR and BF and
with the pseudo-second-order model for ST. The results sug-
gested that both chemisorption process and diffusion-
controlled process contributed to the adsorption of the three
dyes on b-CDSP. A higher temperature was favorable for the
adsorption of the three dyes by b-CDSP. The thermodynamic
data revealed that the adsorption of NR, BF and ST dyes on b-
CDSP was an endothermic and spontaneous process. The
adsorption behavior was tted to a Langmuir model, signifying
monolayer adsorption. The results of pH studies illustrated that
the adsorption capacities of the dyes on b-CDSP were enhanced
greatly with increasing pH values. In a basic medium, the
electrostatic interactions between the deprotonated carboxyl
groups on b-CDSP and the amino groups on the dyes played an
important role in the adsorption process. Moreover, inclusion
complexion and p–p interactions were also dominant mecha-
nisms of the three cationic dyes adsorbed by b-CDSP. Aer four
regeneration cycles, the qe values of the dyes on b-CDSP were
still about 80% of the initial adsorption values. These results
showed that b-CDSP is an effective adsorbent for adsorbing NR,
BF and ST dyes.
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