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a b s t r a c t

Three different polymers P1, P2 and P3 (P1 containing both �-CD and –COOH, P2 containing �-CD and
P3 containing –COOH) were synthesized and applied to adsorption toward aniline, 1-naphthylamine and
methylene blue. The concentrations (C) before and after adsorption were determined and the adsorp-
tion capacities (q) of P1, P2 and P3 were calculated. The maximum adsorption capacities (qmax) toward
aniline: qmax (P1) = 104 �mol g−1, qmax (P2) = 14.9 �mol g−1 and qmax (P3) = 53.1 �mol g−1; toward 1-

−1 −1 −1
eywords:
-Cyclodextrin (�-CD)
arboxyl group (–COOH)
dsorption
niline
-Naphthylamine

naphthylamine: qmax (P1) = 184 �mol g , qmax (P2) = 53.8 �mol g and qmax (P3) = 125 �mol g ; toward
methylene blue: qmax (P1) = 200 �mol g−1, qmax (P2) = 12.7 �mol g−1 and qmax (P3) = 215 �mol g−1. P1
exhibited remarkable adsorption toward all the three adsorbates. P2 was almost equal to P1 in adsorption
toward methylene blue, but was less efficient than P1 in adsorption toward aniline and 1-naphthylamine.
P3 also exhibited considerable adsorption toward aniline and 1-naphthylamine, but was inefficient toward
methylene blue. P1 was obtained from nontoxic materials and through environment friendly procedures,

fficien
ethylene blue so it was potentially an e

. Introduction

Cyclodextrins (CDs) are torus-shaped cyclic oligosaccharides
ontaining 6–12 glucose units. The interior cavity of CDs is
ydrophobic and can form inclusion complexes with some
olecules through host-guest interactions. The practically impor-

ant, industrially produced CDs are �-, �- and �-CDs, which are
ade up of six, seven and eight �-1,4-linkedd-glucopyranose units,

espectively. �-CD is the most largely produced cyclodextrin used in
any fields including pharmaceuticals, foods, cosmetics, chemical

roducts and technologies [1–7]. The chemical structure of �-CD is
hown in Fig. 1.

Widespread contamination of soil and groundwater by organic
ollutants and heavy metals has been recognized as an issue
f growing seriousness in recent years. �-CD polymer has been
eported to be efficient in adsorption toward organic pollutants
nd heavy metals in water [8–22]. This kind of polymer is usu-
lly synthesized by reacting �-CDs with crosslinking agents such as

pichlorohydrin [9–13], diisocyanates [14–16], polycarboxylic acids
17–19] and anhydrides [20–22]. Polycarboxylic acids, such as citric
cid [23], are generally of low toxicity and friendly to environment.
he condensation between �-CD and citric acid can progress at a

∗ Corresponding author. Tel.: +86 371 65511153; fax: +86 371 65511938.
E-mail address: gszhaodong@163.com (L. Zhao).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.134
t and green adsorbent for water purification.
© 2009 Elsevier B.V. All rights reserved.

temperature not higher than 200 ◦C and without any organic sol-
vent and harmful additive.

It has been found that �-CD polymer crosslinked by citric acid
contained carboxyl groups (–COOH) which contributed to adsorp-
tion toward metal ions [17–19]. It’s not clear yet how �-CD and
–COOH will take effects when the polymer is used to adsorb
organic molecules. Especially if the target molecules contain both
hydrophobic groups (such as phenyl and naphthyl group) and basic
groups (such as amino and pyridyl group), the hydrophobic groups
should be attracted by �-CD, while the basic groups should be
chemically bonded to –COOH, and the adsorption would become
more complex and interesting.

Thus, three different polymers containing �-CD and/or –COOH
were synthesized and comparatively studied in adsorption toward
aniline, 1-naphthylamine and methylene blue. As shown in Fig. 2,
aniline is a benzene derivative with one primary amino group,
1-naphthylamine is a naphthalene derivative with one primary
amino group and methylene blue is a thiophenylamine derivative
with two tertiary amino groups. Aniline and 1-naphthylamine are
widely used intermediates which are highly toxic and carcinogenic
to human and animal. Methylene blue is a cationic dye which is also
toxic and carcinogenic. Various adsorbents and methods have been

studied for removal of aniline [24–26], 1-naphthylamine [27,28]
and methylene blue [29–31] from water. As has been known, �-
CD polymer crosslinked by citric acid, which contains both �-CD
and –COOH, is a new adsorbent that has not yet been applied to
adsorption toward these organic pollutants.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gszhaodong@163.com
dx.doi.org/10.1016/j.jhazmat.2009.05.134
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Fig. 1. Chemical structure (a) and shape (b) of �-cyclodextrin.
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Fig. 2. Chemical structures of aniline, 1-naphthylamine and methylene blue.

. Experimental

.1. Materials

�-Cyclodextrin is a biochemical reagent (puritiy ≥99.0%)
urchased from Tianjin Bodi Chemical Co., Ltd., China. Citric
cid monohydrate, sodium dihydrogen phosphate, aniline, 1-
aphthylamine and methylene blue are analytical pure reagents
urchased from guaranteed manufacturers. PVA-1799 is a com-
ercial poly (vinyl alcohol), of which the polymerization degree is

700 and the hydrolysis degree is 99.0%. Potassium bromide (KBr)
sed for FT-IR is a spectrum pure reagent purchased from Tianjin
uangfu Fine Chemical Research Institute, China.

.2. Synthesis of polymer P1 (containing both ˇ-CD and –COOH)
10 g of �-CD, 5 g of citric acid monohydrate, 0.5 g of sodium dihy-
rogen phosphate, 1.2 g of PVA-1799 and some deionized water
ere mixed in a flask and stirred to homogeneous in boiling water

ath (preliminary experiments had shown that if PVA-1799 was not

Fig. 3. Synthesis mechanism of polymer
aterials 171 (2009) 241–246

added the yield of P1 would be poor.). The mixture was transferred
into a plate and heated in an electric thermostatic oven (DHG-
9030A, Shanghai Jinghong Laboratory Instrument Co., Ltd., China)
at 135 ◦C for 4 h. After naturally cooled, the crude product was puri-
fied by soaking and washing with deionized water for several times,
then suction filtered and dried at 50 ◦C. The synthesis mechanism
of P1 is illustrated in Fig. 3.

2.3. Synthesis of polymer P2 (containing ˇ-CD)

10 g of �-CD were dissolved in 20 mL of 20% NaOH aqueous
solution. 12 mL of epichlorohydrin was added dropwise into the
solution under 50 ◦C. The solution was stirred thoroughly until it
changed into gel, then kept at 50 ◦C for 5 h to make it crosslinked suf-
ficiently. The product was broken into granulae, soaked and washed
for several times with water and acetone respectively, and dried at
50 ◦C. The synthesis mechanism of P2 is illustrated in Fig. 4.

2.4. Synthesis of polymer P3 (containing –COOH)

10 g of PVA-1799, 5 g of citric acid monohydrate, 0.5 g of sodium
dihydrogen phosphate and some deionized water were treated by
the same method as described for synthesis of polymer P1. The
synthesis mechanism of P3 is similar to that of P1.

2.5. FT-IR spectra of polymer

Small amount of polymer was mixed and grinded thoroughly
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).

2.6. Total acidic groups (TA) of P2 and P3
The amount of total acidic groups (TA) of polymer, including
carboxyl groups and ester groups, was determined by titration
method. 0.1 g of finely powdered polymer was put into a conical
flask containing 20 mL of 0.1 M NaOH solution and stirred for 15 h
at 30 ◦C. Thus, polymer was completely hydrolyzed and dissolved.

containing both �-CD and –COOH.
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3.2. Adsorption of aniline by P1, P2 and P3

P1, P2 and P3 were applied to adsorption toward aniline of
which the initial concentration was 590 �mol L−1. As shown in
Fig. 4. Synthesis mechanis

he resulted solution was titrated with 0.1 M HCl solution until pH
, pH measured using a digital pH meter (PHS-3E, Shanghai Pre-
ision & Scientific Instrument Co., Ltd.). TA (mmol g−1) value was
alculated as follows:

A = C(V0 − V1)
W

(1)

here C is the concentration of HCl solution (mmol L−1), V0 is the
olume of HCl solution consumed by blank solution (L), V1 is the
olume of HCl solution consumed by sample solution (L) and W is
he weight of polymer (g).

.7. Adsorption of aniline and 1-naphthylamine

0.1 g of polymer was put into a conical flask containing 50 mL
f aqueous solution of aniline or 1-naphthylamine. The flask was
ell covered and shaken in a water bath shaker (SHA-C, Jintan
onghua Instrument Manufacture Co., Ltd., China) at 30 ◦C for
ifferent time intervals. Total nitrogen (TN, mg L−1) of the solu-
ion at each time point was determined by a multi N/C 2100
OC/TN analyzer (Analytik Jena AG, Germany). Standard solutions
ere determined beforehand to make a calibration curve. Since

very aniline or 1-naphthylamine molecule contains one nitro-
en atom, the concentration (C, �mol L−1) and adsorption capacity
q, �mol g−1) of aniline or 1-naphthylamine were calculated as
ollows:

= TN × 1000
14

(2)

t = V(C0 − Ct)
W

(3)

here “14” is the atomic weight of nitrogen, qt (�mol g−1) is the
dsorption capacity per gram of adsorbent at time point t, V is the
olume of solution (L), C0 is the initial concentration (�mol L−1), Ct

s the concentration at time point t (�mol L−1) and W is the weight
f adsorbent (g).

.8. Adsorption of methylene blue

0.05 g of �-CD was put into a conical flask containing 50 mL of
ethylene blue aqueous solution. The flask was well covered and

haken in the water bath shaker at 30 ◦C for different time inter-
als. The absorbance (�max = 665 nm) of the solution at each time
oint was measured using a spectrophotometer (721 type, Shang-
ai Analytical Instruments Factory, China). Standard solutions were
easured as well to make a calibration curve. The concentration

C, �mol L−1) corresponded to each absorbance value was calcu-
ated according to the calibration curve. The adsorption capacity (q,
mol g−1) toward methylene blue was calculated according to Eq.

3).

. Results and discussion

.1. Synthesis and characterization of P1, P2 and P3
After purified and dried, P1 (containing both �-CD and –COOH)
as obtained as yellowish crisp granulae with a yield of 8.8 g, P2

containing �-CD) was obtained as white flaky pieces with a yield of
.1 g, and P3 (containing –COOH) was obtained as white breakable
polymer containing �-CD.

granulae with a yield of 9.3 g. P2 was flexible and difficult to grind, so
it was prepared as thin flakes to provide enough surface for adsorp-
tion. Total acidic groups (TA) of P1 and P3 were 4.5 mmol g−1 and
4.9 mmol g−1, respectively. P1, P2 and P3 were all easily swelled in
water because they all had many hydrophilic groups (–OH, –COOH).
Thus, adsorbates can easily penetrate into the swelled networks and
be adsorbed by the polymers.

FT-IR spectra of P1, P2, P3 and native �-CD (a) were shown in
Fig. 5. The intensive absorption band appeared at 1736 cm−1 in (P1),
which was absent in (a), was owed to C O stretching vibration of
carboxyl groups and ester groups. The band at 1209 cm−1 in (P1),
which was also absent in (a), was owed to C–O–C stretching vibra-
tion of ester groups. These two bands observed in (P1) indicated
that the hydroxyl groups of �-CD had reacted with the carboxyl
groups of citric acid. The strong and broad bands at 3400 cm−1 in (a)
and at 3397 cm−1 in (P2) corresponded to the O–H stretching vibra-
tion of the hydroxyl groups of �-CD. The similar bands observed at
3435 cm−1 in (P1) and at 3425 cm−1 in (P3) corresponded to the
integrated O–H stretching vibration of hydroxyl groups and car-
boxyl groups. The bands at 2925 cm−1 in (a), 2933 cm−1 in (P1),
2927 cm−1 in (P2) and 2943 cm−1 in (P3) corresponded to the
CH2 asymmetric stretching vibration. C–OH stretching vibration at
1030 cm−1 and C–O–C stretching vibration at 1159 cm−1 of �-CD in
(a) also appeared nearly at the same wavenumbers in (P1) and (P2),
indicating that the structure characteristics of �-CD were main-
tained in P1 and P2. C O stretching vibration at 1734 cm−1 and
C–O–C stretching vibration at 1213 cm−1 in (P3) indicated that the
hydroxyl groups of PVA-1799 had reacted with the carboxyl groups
of citric acid.
Fig. 5. FT-IR spectra of �-CD (a), P1, P2 and P3.
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Fig. 6. Adsorption of aniline by P1, P2 and P3. Kinetics of concentration.
C0 = 590 �mol L−1, V = 0.05 L, W = 0.05 g, T = 30 ◦C.
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Fig. 8. Adsorption of 1-naphthylamine by P1, P2 and P3. Kinetics of concentration.
C0 = 829 �mol L−1, V = 0.05 L, W = 0.05 g, T = 30 ◦C.
ig. 7. Adsorption of aniline by P1, P2 and P3. Kinetics of adsorption capacity.
0 = 590 �mol L−1, V = 0.05 L, W = 0.05 g, T = 30 ◦C.

ig. 6, in less than 60 min, the concentration (C) of aniline was
ecreased to 383 �mol L−1 by P1, to 564 �mol L−1 by P2 and to
85 �mol L−1 by P3, respectively. The adsorption capacities (q)
ere calculated according to Eq. (3). As shown in Fig. 7, the
aximum adsorption capacities of the three polymers toward ani-

ine: qmax (P1) = 104 �mol g−1, qmax (P2) = 14.9 �mol g−1 and qmax

P3) = 53.1 �mol g−1. qmax (P1):qmax (P2):qmax (P3) = 1:0.15:0.52,
ndicating that –COOH in P1 and P3 significantly contributed to
dsorption toward aniline. P2 also adsorbed aniline considerably,
ndicating that aniline could be included by the hydrophobic cavity
f �-CD in P2. It was exciting that the maximum adsorption capac-

ty of P1 was nearly the twice of P2, implying that �-CD and –COOH
n P1 probably cooperated in the adsorption toward aniline so that
niline was in a more stable situation when adsorbed by P1 than
2 or P3.

.3. Adsorption of 1-naphthylamine by P1, P2 and P3

P1, P2 and P3 were applied to adsorption toward 1-

aphthylamine of which the initial concentration was
29 �mol L−1. As shown in Fig. 8, in less than 60 min, the
oncentration of 1-naphthylamine was decreased to 469 �mol L−1

y P1, to 725 �mol L−1 by P2 and to 579 �mol L−1 by P3, respec-
Fig. 9. Adsorption of 1-naphthylamine by P1, P2 and P3. Kinetics of adsorption
capacity. C0 = 829 �mol L−1, V = 0.05 L, W = 0.05 g, T = 30 ◦C.

tively. The adsorption capacities (q) were calculated according
to Eq. (3). As shown in Fig. 9, qmax (P1) = 184 �mol g−1, qmax

(P2) = 53.8 �mol g−1 and qmax (P3) = 125 �mol g−1. qmax (P1):qmax

(P2):qmax (P3) = 1:0.29:0.67. The three polymers, especially P2
and P3, exhibited notably higher adsorption capacities toward
1-naphthylamine than aniline. As has been known [32], naphthyl
group is more easily included by �-CD than phenyl group, because
naphthyl group has a more suitable size to the cavity of �-CD.
At the same time, the larger hydrophobicity and steric hindrance
of naphthyl group could increase the stability of the chemical
bond between 1-naphthylamine and –COOH. Thus, P1, P2 and
P3 behaved better in adsorption toward 1-naphthylamine than
aniline.

3.4. Adsorption of methylene blue by P1, P2 and P3

P1, P2 and P3 were applied to adsorption toward methylene blue
of which the initial concentration was 267 �mol L−1. As shown in
Fig. 10, in less than 60 min, the concentration of methylene blue

was decreased to 72 �mol L−1 by P1 and to 61 �mol L−1 by P3,
respectively. The adsorption capacities (q) were calculated accord-
ing to Eq. (3). As shown in Fig. 11, qmax (P1) = 200 �mol g−1, qmax

(P2) = 12.7 �mol g−1 and qmax (P3) = 215 �mol g−1. P1 and P3 exhib-
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ig. 10. Adsorption of methylene blue by P1, P2 and P3. Kinetics of concentration.
0 = 267 �mol L−1, V = 0.05 L, W = 0.1 g, T = 30 ◦C.

ted similarly large adsorption capacity, while P2 exhibited very
mall adsorption capacity. It was inferred that the amino groups
f methylene blue were able to react with –COOH and become
mine salts, and at the same time, the hydrophobicity and steric
indrance of aromatic rings and methyl groups increased the sta-
ility of the amine salts in water. P2 was inefficient in adsorption
oward methylene blue, probably because methylene blue was quite
ydrophilic and difficult to be included by �-CD. It was particular
hat methylene blue adsorbed by P2 in the first 30 min gradu-
lly went back into the solution. It was probably because when
2 was swelled gradually by water, there would come into poly-
er networks and �-CD more water molecules which would build

ydrogen bonds with the amino groups and the heterocyclic N and
atoms of methylene blue. The hydrogen bonds would counteract

he hydrophobic forces of �-CD and bring methylene blue back into
he solution.

P1 and P3 were nearly equal in adsorption toward methylene
lue, but P1 was much better than P3 in adsorption toward aniline
nd 1-naphthylamine. It was probably because phenyl group and

aphthyl group were more hydrophobic and more easily adsorbed
y P1 which contained �-CD. The adsorption results of P2 also
greed that a molecule containing a more hydrophobic group was
ore easily adsorbed by polymer containing �-CD.

ig. 11. Adsorption of methylene blue by P1, P2 and P3. Kinetics of adsorption capac-
ty. C0 = 267 �mol L−1, V = 0.05 L, W = 0.1 g, T = 30 ◦C.
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4. Conclusions

The results showed that the polymer containing both �-CD and
–COOH was superior to polymer containing only �-CD or –COOH
in adsorption toward aniline and 1-naphthylamine, probably due to
synergism of �-CD and –COOH in adsorption. The polymer contain-
ing both �-CD and –COOH was obtained from nontoxic materials
and through environment friendly procedures, so it was probable
to become an efficient and green adsorbent for water purifica-
tion. It is also attractive to find for this polymer other applications
such as microextraction, sustained release and biocompatible
materials.
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