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Abstract Water-insoluble b-cyclodextrin polymer (b-CDP)

crosslinked by citric acid was obtained with a yield of 65%

through an environment friendly synthesis procedure.

FT-IR spectra disclosed that the hydroxyl groups of b-CD

had reacted and condensated with the carboxyl groups

of citric acid, and at the same time the structural charac-

teristics of b-CD were essentially maintained in b-CDP.

The b-CDP exhibited notable adsorption capability

toward phenol (qmax = 13.8 mg g-1) and especially large

adsorption capability toward methylene blue (qmax =

105 mg g-1). The concentration of methylene blue in

water could be reduced to 0.11 mg L-1 by the b-CDP,

indicating the excellent adsorption sensitivity of b-CDP

toward methylene blue. The adsorption results disclosed

that the interior cavity and inclusion property of b-CD were

maintained in the synthesized b-CDP.

Keywords b-Cyclodextrin polymer � Water-insoluble �
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Introduction

Cyclodextrins (CDs) are torus-shaped cyclic oligosaccha-

rides containing six to twelve glucose units [1–7]. The

individual glucose units are held in a C-1 chair confor-

mation and they are joined together by a-1,4 glycosidic

linkages to form a cyclic structure. The interior cavity of

CDs is relatively hydrophobic and the most characteristic

feature of CDs is the ability to form inclusion complexes

through host-guest interactions. The practically important,

industrially produced CDs are a-, b- and c-CDs, which are

made up of six, seven and eight a-1,4-linked d-glucopyr-

anose units respectively. b-CD is the most largely produced

cyclodextrin and has been widely used in many fields

including pharmaceuticals, foods, cosmetics, chemical

products and technologies. The chemical structure of b-CD

is as shown in Fig. 1.

Water-insoluble b-Cyclodextrin Polymer (b-CDP) is a

new type of adsorbent useful for removal of organic pol-

lutants and heavy metals in water [1, 8–24]. The general

method for synthesis of water-insoluble b-CDP is by

crosslinking the hydroxyl groups of b-CDs with bi- or

multi-functional molecules to form a stable crosslinked

network. The bi- or multi-functional molecules used are

normally called crosslinking agents. Epichlorohydrin [11–

15], diisocyanates [16–18], polycarboxylic acids [19–22]

and anhydrides [23, 24] have been reported to be effective

crosslinking agents. Epichlorohydrin is widely used in

chemistry and industry because of its high reaction activity,

and it is the most popularly used crosslinking reagent for

b-CDP synthesis. But after all epichlorohydrin is a toxic

and hazardous substance and is potentially harmful to

human health and environment. At the same time, a large

portion of epichlorohydrin might be wasted in the reaction,

because the reaction between b-CD and epichlorohydrin

required a high concentration of sodium hydroxide which

will accelerate the hydrolyzation of epichlorohydrin.

Diisocyanates, such as toluene diisocyanate and hexam-

ethylene diisocyanate, are also hazardous to human and
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environment, and organic solvents are required in the

reaction between b-CD and diisocyanates. Comparatively,

polycarboxylic acids, such as citric acid, butanetetracarb-

oxylic and polyacrylic acid, are generally low-toxic and

more friendly to environment. The condensation between

b-CD and polycarboxylic acids can be performed at a

temperature not higher than 200 �C and without any

organic solvent and harmful additive, although the reaction

activities of polycarboxylic acids are generally lower than

epichlorohydrin or diisocyanates.

Martel et al. has reported the synthesis and applications

of b-CDP immobilized on natural or synthetic fabrics using

polycarboxylic acid as crosslinking agent and sodium

dihydrogen hypophosphite as catalyst [19–21]. The b-CDP

immobilized on the fabrics has the ability to adsorb heavy

metal ions (Pb2?, Cd2? and Ni2?) from water because the

carboxyl groups contained in b-CDP can serve as ion-

exchange sites. b-CDP immobilized on the fabrics can also

increase the period of release of perfumes and improve the

resistance of the odor to washings with water.

In our research, water-insoluble b-CDP was synthesized

using citric acid as crosslinking agent, sodium dihydrogen

phosphate as catalyst and PVA-1799 as additive. The

mechanism of synthesis is illustrated in Fig. 2. The b-CDP

after purification was characterized by Fourier-transform

infrared spectroscopy (FT-IR) and applied to adsorption

experiments toward phenol and methylene blue (MB)

respectively. The FT-IR spectra were studied to disclose the

chemical characteristics of b-CDP. The influences of con-

centration, contact time and sorbent amount on the dsorption

properties of b-CDP were evaluated and discussed.

Experimental

Materials

b-Cyclodextrin is a biochemical reagent (puritiy C 99.0%)

purchased from Tianjin Bodi Chemical Co., Ltd., China.

Citric acid monohydrate, sodium dihydrogen phosphate,

phenol and methylene blue, are analytical pure reagents

purchased from guaranteed manufacturers in China. PVA-

1799 is a commercial poly (vinyl alcohol), of which the

polymerization degree is 1,700 and the degree of hydro-

lysis is 99.0%, purchased from Sichuan Vinylon Factory,

China. Potassium bromide (KBr) used for FT-IR is a

spectrum pure reagent purchased from Tianjin Guangfu

Fine Chemical Research Institute, China.

Synthesis of b-CDP

About 10 g of b-CD, 5 g of citric acid monohydrate, 0.5 g

of sodium dihydrogen phosphate, 1 g of PVA-1799 and

50 ml of deionized water were mixed in a round bottom

flask and stirred to homogeneous in boiling water bath. The

mixture was transferred into a culture dish and heated in an

electric thermostatic oven (DHG-9030A, Shanghai Jing-

hong Laboratory Instrument Co., Ltd, China) at 140 �C for

4 h. Because the culture dish was wide open, the water was

quickly driven away by heating. Then polymerization

started, and the water generated during the reaction was

instantly driven away, so that the equilibrium was pushed

forward successively. After naturally cooling, the crude

product was weighed (recorded as Wc) and then grinded

into fine granulae. The granulae were purified by soaking

and washing with deionized water for several times, then

suction filtered and dried at 50 �C to constant weight (Wp).

Wp is the weight of the purified b-CDP, i.e. the weight of

water-insoluble polymer in the product. The yield (Y) of

the purified b-CDP was calculated by:

Y ¼ Wc �Wp

Wc

� 100% ð1Þ

Swelling rate of b-CDP in water

About 0.2 g of the above purified b-CDP was precisely

weighed (recorded as W0) and put into a conical flask

together with 50 mL of deionized water. The flask was well

covered and then shaken in a water bath shaker (SHA-C,

Jintan Ronghua Instrument Manufacture Co., Ltd., China)Fig. 2 Synthesis mechanism of b-cyclodextrin polymer

Fig. 1 Chemical structure (a) and shape (b) of b-cyclodextrin
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at 30 �C for 24 h. After that, the b-CDP was filtered out

and precisely weighed (W1). The swelling rate (SR) of

b-CDP in water was calculated by:

SR ¼ W1 �W0

W0

� 100% ð2Þ

FT-IR spectra of b-CDP

Small amount of the b-CDP was mixed and grinded thor-

oughly with KBr powder in an agate mortar and pressed

into thin tablets under 16 MPa pressure using a manual

hydraulic press (FW-4A, Tianjin Tuopu Instrument Co.,

Ltd., China). Fourier-transform Infrared (FT-IR) spectra

were measured using the tablets by a FT-IR spectrometer

(Thermo Nicolet IR 200, Thermo Electron Corp., USA).

Adsorption experiments

The adsorption experiments were carried out using the

aqueous solution of phenol and methylene blue (MB)

respectively. As has been reported, phenol is commonly

encountered in aqueous effluents from various manufac-

turing processes and is a toxic substance that should be

removed from the aquatic environment [18]. MB is a

cationic dye (see Fig. 3 for its chemical structure) which

may exhibit toxic effects on microbial populations and

can be toxic and carcinogenic to mammalian animal [25].

Researchers have disclosed by experiments that phenol or

MB in water can be adsorbed by b-cyclodextrin-containing

polymers [18, 26–28]. The b-CDP synthesized by us was as

well applied to adsorb phenol and MB in water to evaluate

its inclusion and adsorption properties.

In order to calculate the concentration from each

experiment, a calibration curve was first prepared. Differ-

ent concentrations were prepared and absorbance values

were measured by a UV–Vis spectrophotometer (Shimadzu

UV-260, Shimadzu Corp., Japan) at kmax. The value of

kmax was 269 nm for phenol and 665 nm for MB.

In each experiment, the adsorbent was precisely

weighed and put into a conical flask which contains certain

amount of adsorbate solution at a known concentration.

The flask was well covered and then shaken in the water

bath shaker for different time intervals. The concentrations

of the solution at different time points were determined

from the absorbance of the solution measured by the

UV–Vis spectrophotometer.

The adsorption capacity of b-CDP toward the adsorbate

was determined by the difference between the initial and

remaining concentrations of the adsorbate solution. The

equilibrium adsorption capacity, qe (mg g-1) was calcu-

lated by:

qe ¼
VðC0 � CeÞ

W
ð3Þ

where C0 is the initial concentration (mg L-1); Ce is the

equilibrium concentration (mg L-1); V is the volume of the

solution used (L); and W is the weight of adsorbent used

(g).

The adsorption capacity of b-CDP at time t, qt (mg g-1),

was calculated as well:

qt ¼
VðC0 � CtÞ

W
ð4Þ

where Ct is the concentration at contact time t (mg L-1).

Results and discussion

Characterization of b-CDP

The synthesized b-CDP after purification was a slightly

yellow powder. It could not be dissolved but was notably

swelled by water. The yield (Y) of the purified b-CDP was

65% and the swelling rate (SR) of it in water was 130%,

according to the calculation Eqs. 1 and 2 provided above,

respectively.

Figure 4 is the FT-IR spectra of the synthesized b-CDP

(b) compared with native b-CD (a). There appeared an

intensive absorption band at 1,736 cm-1 in (b) which was

absent in (a), and we owed this band to the C=O stretching

vibration of ester groups and carboxyl groups in b-CDP.

The peak at 1,209 cm-1 in (b), which was also absent in

Fig. 3 Chemical structure of methylene blue Fig. 4 FT-IR spectra of b-CD (a) and b-CDP (b)
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(a), was owed to the C-O-C stretching vibration of ester

groups. The absorption bands of ester groups observed in

(b) indicated that the hydroxyl groups of b-CD had reacted

and condensated with the carboxyl groups of citric acid and

thereby a three-dimensional polymer network was formed.

Because of the crosslinked network, the b-CDP was stable

and insoluble in water. The strong and broad band at

3,400 cm-1 in (a) corresponded to the O-H stretching

vibration of the hydroxyl groups in b-CD, and the similar

band observed at 3,435 cm-1 in (b) corresponded to the

integrated O–H stretching vibration of the hydroxyl groups

and carboxyl groups in b-CDP. The peak at 2,925 cm-1 in

(a) and the peak at 2,933 cm-1 in (b) corresponded to the

CH2 asymmetric stretching vibration. The C–OH stretching

vibration at 1,030 cm-1, the C–O–C stretching vibration

at 1,159 cm-1, and the other absorption bands including

1,414 cm-1, 947 cm-1, 858 cm-1, 756 cm-1 and 579

cm-1 in (a) for b-CD also appeared nearly at the same

wavenumbers in (b) for b-CDP, indicating that the struc-

tural characteristics of b-CD were essentially maintained in

b-CDP. Because of the hydroxyl groups and carboxyl

groups existing in the polymer structure, the b-CDP was

hydrophilic and easily swelled by water. The FT-IR spectra

of citric acid and PVA-1799 were as well compared with

the spectrum of the b-CDP and the results also agreed to

the above conclusion.

Adsorption of phenol on b-CDP

The calibration curve for aqueous solution of phenol was

first determined, as shown in Fig. 5. It was created by

running different calibration standards (10, 20, 30, 40,

50 mg L-1). The absorbance values (A) were measured for

each concentration (C) at kmax = 269 nm by UV–Vis

spectrometer. The concentration (C) values were plotted

against the corresponding A values and the data points were

linearly fitted. The resulted calibration equation was:

C = 61.44 9 A - 0.077, R = 0.9998. R was the correla-

tion coefficient.

Figures 6 and 7 are the adsorption kinetics of phenol by

b-CDP. Figure 6 is the concentration of phenol at contact

time t (Ct) versus t and Fig. 7 is the adsorption amount (qt)

versus t. C0 is the initial concentration of phenol. W is the

weight of adsorbent used. V is the volume of the solution

used. As shown in the two figures, the concentration

decreased and the adsorption amount increased evidently

with the increase of contact time at first and then gradually

slowed down. It took about 200 min to reach adsorption

equilibrium when C0 = 85.4 mg L-1, while at least

500 min when C0 = 393 mg L-1. The maximum adsorp-

tion amount (qmax) was only 3.8 mg g-1 when C0 = 85.4

mg L-1, while the qmax increased to 9.2 mg g-1 when

C0 = 393 mg L-1.

Fig.5 Calibration curve for aqueous solution of phenol.

kmax = 269 nm; T = 30 �C

Fig. 6 Kinetics of concentration of phenol by b-CDP. W = 0.1 g;

V = 25 mL; T = 30 �C

Fig. 7 Kinetics of adsorption amount of phenol by b-CDP.

W = 0.1 g; V = 25 mL; T = 30 �C
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Figure 8 is the adsorption isotherm of phenol by b-CDP.

Ce is the equilibrium concentration of phenol (mg L-1). qe

is the corresponding equilibrium adsorption amount of

phenol by b-CDP (mg g-1). qe is calculated according to

Eq. 3 provided above. As shown in the figure, the isotherm

ascended almost linearly when Ce was lower than

200 mg L-1, but when Ce was higher than 200 mg L-1, a

platform was gradually formed, indicating that the

adsorption capacity of b-CDP was nearly saturated. The

maximum adsorption amount, qmax = 13.8 mg g-1, was

achieved when the equilibrium concentration was higher

than 400 mg L-1.

Adsorption of MB on b-CDP

The calibration curve for MB is as shown in Fig. 9. It was

created by running different calibration standards (1, 2, 3,

4, 5, 8, 10 mg L-1). The absorbance (A) values were

measured for each concentration at kmax = 665 nm by

UV–Vis spectrometer. The concentration (C) values were

plotted against the corresponding A values and the data

points were linearly fitted. The resulted calibration equa-

tion was: C = 5.514 9 A - 0.059, R = 0.9996.

Figures 10 and 11 are the adsorption kinetics of MB by

b-CDP. Figure 10 is the concentration of MB at contact

time t (Ct) versus t and Fig. 11 is the adsorption amount

(qt) versus t. In this experiment the amount of MB in the

solution was insufficient to saturate the maximum adsorp-

tion capacity of b-CDP. As shown in the two figures, the

concentration of MB decreased and the adsorption amount

increased quickly with the increase of contact time at first

and then gradually slowed down. It took only 30 min to

reach adsorption equilibrium when W = 0.1 g and 60 min

when W = 0.05 g, while at least 200 min when

W = 0.02 g. As shown in Fig. 10, when t = 660 min, the

concentration of MB was reduced to be only 0.11 mg L-1

(W = 0.1 g), 0.17 mg L-1 (W = 0.05 g) and 0.49 mg L-1

(W = 0.02 g) respectively, which indicated the excellent

adsorption sensitivity of b-CDP toward MB.

Fig. 8 Adsorption isotherm of phenol by b-CDP. W = 0.1 g;

V = 25 mL; t = 12 h; T = 30 �C

Fig. 9 Calibration curve for aqueous solution of MB. T = 30 �C

Fig. 10 Kinetics of concentration of MB by b-CDP. C0 = 10 mg L-1;

V = 50 mL; T = 30 �C

Fig. 11 Kinetics of adsorption amount of MB by b-CDP.

C0 = 10 mg L-1; V = 50 mL; T = 30 �C

J Incl Phenom Macrocycl Chem (2009) 63:195–201 199

123



The adsorption isotherm of MB by b-CDP is as shown

in Fig. 12. The isotherm ascended almost linearly when Ce

was lower than 20 mg L-1, then gradually slowed down

when Ce was between 20 and 80 mg L-1. A platform was

gradually formed when Ce was higher than 80 mg L-1,

indicating that the adsorption capacity of b-CDP was

nearly saturated. The maximum adsorption amount,

qmax = 105 mg g-1, was achieved when Ce was higher

than 100 mg L-1. Crini et al. reported an epichlorohydrin

crosslinked b-CD polymer which contained carboxyl

groups and had an adsorption capability of 56.5 mg g-1

toward C.I. Basic Blue 9 (i.e. MB) at the concentration of

100–140 mg L-1 [27]. They proved by experiments that

the adsorption was dependent on the presence of carboxyl

groups. Our result was even better than theirs, probably

because b-CDP crosslinked by citric acid contained a lar-

ger number of acidic groups than the polymer crosslinked

by epichlorohydrin in the presence of carboxymethylcel-

lulose [27].

b-CD in the polymer is also considered by us very

important in the adsorption toward MB. Effects of b-CD in

the adsorption exist in at least two aspects. One is that the

cavity of b-CD in the polymer can directly adsorb MB

since the molecular size of MB is suitable to the cavity of

b-CD. The other is that the rigid structure of b-CD increase

the brittleness of the polymer, so that the polymer is easy to

be grinded into fine granulae and the acidic groups are well

exposed to outside.

Conclusions

Water-insoluble b-cyclodextrin polymer (b-CDP) was

synthesized by polycondensation using citric acid as

crosslinking agent, sodium dihydrogen phosphate as cata-

lyst, PVA-1799 as additive, and in the presence of some

water. The synthesis procedure was environment friendly

since neither organic solvents nor harmful chemicals were

used. The production yield of b-CDP after purification was

65%. The swelling rate of b-CDP in water was 130%. FT-

IR spectra disclosed that the b-CDP contained ester and

carboxyl groups which did not exist in b-CD, indicating

that the hydroxyl groups of b-CD had reacted and con-

densated with the carboxyl groups of citric acid and a

three-dimensional polymer network was formed. Nearly all

the FT-IR absorption bands of b-CD could be found in the

spectrum of b-CDP, indicating that the structural charac-

teristics of b-CD were essentially maintained in b-CDP.

The b-CDP exhibited notable adsorption toward phenol

(qmax = 13.8 mg g-1) and especially large adsorption

capability toward MB (qmax = 105 mg g-1). The concen-

tration of MB in water could be reduced to 0.11 mg L-1 by

the b-CDP, indicating the excellent adsorption sensitivity

of b-CDP toward MB. The adsorption results implied that

the interior cavity and inclusion property of b-CD were

maintained in the b-CDP. The reason why the adsorption

toward MB was much higher than phenol might exist in

two aspects. One is that the molecular size of MB is more

suitable than phenol for the formation of b-CD complex.

The other is that the carboxyl and ester groups in b-CDP

are acidic so as to contribute to the adsorption toward MB

because MB is a weekly basic compound.
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