
Effect of coexisting cations on the adsorption of cesium
onto poly (b-cyclodextrin)/bentonite composite

Hongjuan Liu1,2 • Shuibo Xie1,3 • Tiancheng Wang2 •

Yingjiu Liu3 • Taotao Zeng3

Received: 26 December 2016 / Published online: 5 May 2017
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Abstract A novel poly(b-cyclodextrin)/bentonite compos-

ite (b-CD/BNC) was successfully prepared through graft

polymerisation by using ammonium persulphate–sodium

bisulphate as initiators, and characterized by FT-IR and

EDS. The equilibrium data fit Freundlich isotherm satisfac-

torily. Adsorption kinetic was fitted with pseudo-second-

order. The maximum adsorption capacities for Cs? by b-CD/

BNC in absence and presence of Na? and Mg2? were

48.83 ± 0.35, 47.30 ± 0.28, and 42.52 ± 0.85 mg g-1,

respectively. Adsorption of Cs? was suppressed by presence

of Mg2? more than Na?. b-CD/BNC had a higher affinity to

Cs? than Na? and Mg2?. b-CD/BNC was an effective sor-

bent for the treatment cesium waste water.

Keywords b-CD/BNC � Bentonite � Cs? � Coexistent

cation � Adsorption

Introduction

137Cs is a serious environmental concern because it is the

main nuclear fission product [1]. This substance can be

easily released into water during nuclear reactor leaks, such

as those that happened in Chernobyl in 1986 and in

Fukushima in 2011 [1–3]. The amount of 137Cs released

directly into the sea from the Fukushima accident was

approximately 3.5 ± 0.7 PBq (1 PBq = 1015 Bq) from the

end of March to May in 2011 [4]. According to field data

obtained from June 4 to 18, 2011, 137Cs released directly

into the sea significantly increased the activity and reserves

of 137Cs in water near Fukushima [5]. 137Cs is a high heat-

release fission product that can penetrate the food chain in

the environment. This fission product is a biological hazard

with a long half-life of 30.1 years [1, 6–8]. Therefore,

cesium should be removed from nuclear waste prior to the

discharge to prevent cesium from migrating and diffusing

into the environment. Cesium can be removed from waste

through adsorption, which is a promising method because

of its simplicity and fast adsorption rate [1, 8, 9]. Extensive

investigations on the sorption of Cs? on different minerals

have revealed that this process is mainly dominated by ion-

exchange mechanism [9–12].

Bentonite possesses excellent physicochemical proper-

ties, such as large specific area, high cation exchange

capacity and strong adsorptive affinity for organic and

inorganic pollutants [13, 14]. Basing on these advantages,

researchers considered bentonite as an excellent adsorbent

for wastewater treatment [1, 13, 14]. As such, the sorption

behaviours of cesium on bentonite have been widely

explored [13–15]. However, the treatment capacity of

original bentonite is limited because of its hygroscopic

expansion and dispersion in water. Adsorption selectivity

and adsorption performance for wastewater treatment

should be improved by changing the surface properties and

interlayer structure of bentonite. Polymer/bentonite com-

posites have been studied because of their wide applica-

tions in environmental protection. For example, polymer/

bentonite composites as adsorbents for lead ions have been
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successfully prepared, and lead ions have been efficiently

removed by poly(acrylic acid) with bentonite and poly-

acrylate with bentonite [16, 17].

b-cyclodextrin (b-CD) possesses a unique structure with

a hydrophobic cavity and a hydrophilic outer edge [18].

This molecule can form inclusion complexes with other

materials through host–guest phenomena [19, 20]. Com-

pounds with b-CD are characterised by increased sorption

values and an ability to combine selectively with some

inorganic ions or organic molecules [20]. New CD-based

composites have been developed for practical use in the

removal of contaminants from wastewater [20, 21]. How-

ever, CD derivatives are inapplicable for direct separation

and purification purposes because of their solubility in

water. Therefore, insoluble CD-based materials should be

synthesised by performing polymerisation reactions or by

using CD molecules supported on a solid face via grafting

[18–21]. b-CD polymers and bentonite are bioabsorbable

and biocompatible substances. Our research aimed to

synthesise b-CD/bentonite composite (b-CD/BNC) by

using epoxy chloropropane as a cross-linker and bentonite

as a solid face. Free radicals on bentonite can be formed by

initiators, such as ammonium persulphate–sodium bisul-

phate, because of the presence of several hydroxyl groups

on the surface of bentonite. Thus, b-CD/BNC was prepared

through grafting polymerisation by free radicals and cross-

linking of co-polymers. This composite was also used as a

sorbent to remove cesium from an aqueous solution.

Cations coexisting in radioactive waste water are important

factors affecting the sorbent for Cs? removal from the

water. Therefore, cesium sorption in the presence of

common coexisting cations including monovalent (Na?)

cation and divalent (Mg2?) cation was investigated.

Adsorption kinetics, equilibrium isotherms, energy dis-

persive spectrometer (EDS) and Fourier transform infrared

spectroscopy (FT-IR) analyses were conducted to examine

the sorption mechanisms and effect of coexistent cations on

the adsorption of Cs? onto b-CD/BNC.

Materials and methods

Materials

Bentonite obtained from Tianjin was found to be of Ca-

type [22]. B-CD was obtained from Kernel Chemical

Reagent Co., Ltd, Tianjin, China. Hydrochloric acid,

sodium hydroxide, epoxy chloropropane, ammonium per-

sulphate and sodium bisulphate were purchased from Tian

Li Chemical Reagent Co., Ltd, Tianjin, China. CsNO3 was

purchased from Fu Chen Chemical Reagent Factory,

Tianjin, China. NaNO3 and Mg(NO3)2 were purchased

from Da Mao Chemical Reagent Factory, Tianjin, China.

Preparation of b-CD/BNC

40 g of b-CD added to 120 mL of 40% NaOH aqueous

solution was dissolved in a round-bottomed flask at 50 �C
and 60 mL of epoxy chloropropane was added dropwise.

Afterwards, 30 g of bentonite in 600 mL of water blended

into suspension slurry was added, and 1% aqueous solution

of ammonium persulphate and sodium bisulphate were

added successively. The mixture in the round-bottomed

flask was stirred and heated in an electric thermostatic oven

at 70 �C for 3 h. After the mixture was cooled to ambient

temperature, the reactants were collected through suction

filtration by using a vacuum suction filter machine. The

crude product was purified by soaking and washing with

water and acetone several times, vacuum-dried at 80 �C for

24 h and ground into powder.

Batch adsorption experiment

Effect of contact time and adsorption kinetics, and effect of

solution pH, adsorbent dosage, temperature on Cs? adsorp-

tion by b-CD/BNC in absence and presence of Na? and

Mg2? was investigated by preparing the final ion concen-

trations of Cs? (100 mg L-1), Cs? (100 mg L-1) ? Na?

(100 mg L-1), Cs? (100 mg L-1) ? Mg2? (100 mg L-1)

in 50 mL solution. The effect of contact time and adsorption

kinetics of Cs? adsorption was studied by keeping the

solution with 0.25 g b-CD/BNC under pH 7 at 303 K, and

the mixture was sampled at interval. The effect of adsorbent

dosage on Cs? adsorption was studied by varying the amount

of b-CD/BNC from 0.25 to 2 g. The effect of solution pH on

Cs? adsorption was studied over the range of 3 to 11. The

aqueous solution was adjusted into different pH by adding

NaOH and HCl. The effect of temperature on Cs? adsorption

was investigated at 293 K, 303 K and 313 K. During equi-

librium isotherms studies, the final concentration of Cs? in

three groups was brought to 50, 100, 150, 200, 250 mg L-1,

respectively, one group without other cation ions, one group

with the final concentration of 100 mg L-1 Na? and one

group with 100 mg L-1 Mg2?, and 0.25 g sample of b-CD/

BNC was equilibrated with 50 mL of the spiked solution

under neutral pH.

All batch adsorption experiments above were carried out

in a glass flask in a air bath shaker (100 r min-1) for 6 h.

The solution was separated from the b-CD/BNC particles

by filtering through membrane filter and the cesium con-

centration remaining in the solution was analysed by

AA6300 Atomic Absorption Spectrophotometer (AAS).

Each adsorption sample of the solution was measured in

triplicate, and the average value was used for evaluating

the adsorption capacities. In the adsorption tests, the q and

Kd of the cesium ions was obtained by using the following

equations [22]:
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Adsorption capacity q ¼ Vðc1 � c2Þ=m; ð1Þ
Distribution capacity kd ¼ Vðc1 � c2½ �=mc2; ð2Þ

where c1 and c2 (mg L-1) are the initial ion concentration

and the ion concentration after sorption equilibrium,

respectively, and V (mL) is the volume of solution, and

m (g) is the weight of the solid.

FT-IR and EDS analysis

After adsorption, the FT-IR spectra of b-CD/BNC and b-

CD/BNC after adsorption were recorded in KBr pellets at

room temperature using a FT-IR spectrometer (Nicolet

6700). The FT-IR samples were analysed in the range of

4000–400 cm-1. The elemental compositions of b-CD/

BNC and b-CD/BNC after adsorption were determined by

X-Max EDS spectroscopy attached to a JSM-7500F SEM

column.

Results and discussion

Effect of contact time and adsorption kinetics

Effect of contact time on Cs? adsorption and sorption

kinetics were studied by batch method. Several kinetic

models are available to study the sorption mechanism and

rate-controlling processes. The pseudo-first order (Eq. 3)

and pseudo-second order models (Eq. 4) are the most

widely used for representing kinetic data, and they are

given as [23, 24]:

lnðqe � qtÞ ¼ ln qe � k1t; ð3Þ
1

qt
¼ 1

k2q2
e

¼ 1

qe
t; ð4Þ

where qe and qt (mg g-1) are the amounts of adsorbed

cesium ions on b-CD/BNC at equilibrium and at time

t (min), respectively, and k1 (min-1) is the pseudo-first

order sorption rate constant, and k2 (g mg-1 min-1) is the

second-order sorption rate constant.

The adsorption rate of Cs? onto b-CD/BNC in absence

and presence of Na? and Mg2? was shown in Fig. 1a. The

uptake of Cs? onto b-CD/BNC and adsorption equilibrium

was achieved rapidy. The linear forms of the pseudo-first

order and the pseudo-second order models for the adsorp-

tion of Cs? onto b-CD/BNC are given in Fig. 1b and c,

respectively. The linear plots using the pseudo-first order

model of Cs? onto b-CD/BNC showed poor correlation

(R2\ 0.4807). The pseudo-second order model possessed

high correlation coefficients (R2[ 0.9998). This result

suggested that the pseudo-first order model was less suit-

able to describe the adsorption process, and the pseudo-

second order could be adapted to describe the process as it

fit accurately with the experimental data. The rapid

adsorption kinetics indicated that Cs? sorption of b-CD/

BNC was mainly due to chemical rather than physical

adsorption [25]. The kinetic constants of the pseudo-second

order model were presented in Table 1. According to

equilibrium adsorption quantity in Table 1, Na? and Mg2?

could reduce the equilibrium adsorption quantity of Cs?

onto b-CD/BNC, and the effect of Mg2? on the adsorption

of Cs by b-CD/BNC was greater than that of Na?. The

reasons might be as follows: (1) competitive cations (Na?

and Mg2?) occupy the adsorption vacancies on the surface

of b-CD/BNC, which leads to Cs? adsorption capacity

decreased; (2) The ion exchange is one of the adsorption

mechanisms of Cs? onto b-CD/BNC. Ion exchange com-

petition of Mg2? and Na? could inhibited the exchange

adsorption between Cs? and b-CD/BNC, and the cation

exchange capacity of Mg2? onto b-CD/BNC was greater

than that of Na?.

Equilibrium isotherm studies

To obtain a better understanding of Cs? sorption mecha-

nism and to quantify the sorption data, Langmuir and

Freundlich models are adopted to fit the sorption isotherms

and to simulate the experimental data [26–28]. The Lang-

muir isotherm model is expressed by the following equa-

tion [22, 26]:

q ¼ qmaxKLc=ð1 þ KLcÞ: ð5Þ

Equation (5) can be expressed in linear form:

1

q
¼ 1

qmax

þ 1

KLqmax

� 1

c
; ð6Þ

where c (mg L-1) is the equilibrium concentration of Cs?

in solution; q (mg g-1) is the amount of Cs? adsorbed per

weight unit of b-CD/BNC after equilibrium; qmax (mg g-1)

represents the maximum sorption amount and KL (L mg-1)

is a constant related to the enthalpy of sorption.

The Freundlich isotherm model is usually expressed as

follows [22, 26]:

q ¼ KFc
1
n: ð7Þ

Equation (7) can be expressed in linear form

ln q ¼ 1

n
ln cþ lnKF; ð8Þ

where KF (L mg-1) represents the adsorption capacity as

Cs? equilibrium concentration is 1; n is the adsorption

performance of adsorbents with equilibrium concentration.

The Langmuir and Freundlich isotherms of b-CD/BNC

for Cs? at 30 �C were indicated in Fig. 2a and b, and the

parameters of the isotherm models were showed in
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Table 2. The Langmuir and Freundlich models had a good

fit with the experimental data, and the Freundlich models

was a better fit on the basis of R2 listed in Table 2. The

maximum adsorption capacity for Cs? by b-CD/BNC was

48.83 ± 0.35 mg g-1 (Cs?), 47.30 ± 0.28 mg g-1

(Cs? ? Na?), and 42.52 ± 0.85 mg g-1 (Cs? ? Mg2?),

respectively. The values of n (1\ n\ 10) indicated that

the adsorption of Cs? by b-CD/BNC was favourable. KL

and KF in Table 2 offered estimates about the adsorption

capacity of b-CD/BNC. KL and KF (Cs?[Cs? ? -

Na?[Cs?? Mg2?) of b-CD/BNC in Table 2 indicated

that Na? and Mg2? could reduce the adsorption capacity of

Cs? onto b-CD/BNC and the effect of Mg2? on the

adsorption was greater than that of Na?. Even though, b-

CD/BNC had a higher affinity to Cs? than the competitive

cations (Na? and Mg2?), which showed that b-CD/BNC

was an effective adsorbent for Cs?.

Effect of adsorbent dosage

Effect of b-CD/BNC adsorbent dosage on the adsorptive

capacity of Cs? in absence and presence of Na? and Mg2?

Fig. 1 Adsorption kinetics of Cs onto b-CD/BNC in absence and presence of Na? and Mg2? (a sorption with different contact time; b pseudo-

first order sorption kinetic; c pseudo-second order sorption kinetic)

Table 1 Kinetic constants of pseudo-second order model and correlation coefficients (R2) of Cs? onto b-CD/BNC

Adsorbate Fitting equation Corresponding parameters

Cs? t/qt = 0.00909 ? 0.05314t qe = 18.82 ± 0.37 mg g-1, k = 0.311 ± 0.019 g (mg-1 min-1), R2 = 0.9999

Cs? ? Na? t/qt = 0.01122 ? 0.05985t qe = 16.71 ± 0.43 mg g-1, k = 0.319 ± 0.025 g (mg-1 min-1), R2 = 0.9999

Cs? ? Mg2? t/qt = 0.02619 ? 0.06872t qe = 14.55 ± 0.81 mg g-1, k = 0.180 ± 0.010 g (mg-1 min-1), R2 = 0.9998
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was showed in Fig. 3. It was obvious that the adsorptive

capacity of Cs? in absence and presence of Na? and Mg2?

decreased with an increasing amount of b-CD/BNC from

0.25 to 2 g. This could be because more active sites were

offered by an increasing amount of b-CD/BNC, which

allowed more sorption points of Cs?. However, too many

adsorption sites led to unsaturated adsorption on the sur-

face of b-CD/BNC adsorbent, so the adsorption capacity

per unit weight of adsorbent decreased. From Fig. 3, we

can see that Na? and Mg2? have little effect on cesium

adsorption when adsorbent dosage increased to 1–2 g. This

may be due to unsaturated adsorption on the surface of b-

CD/BNC, and more adsorption sites were provided for Na?

and Mg2? to reduced their competition with Cs?.

Effect of solution pH

The solution pH is a very important parameter for the

adsorption of Cs? onto b-CD/BNC. The effect of pH on the

adsorptive capacity of Cs? onto b-CD/BNC in absence and

presence of Na? and Mg2? was indicated in Fig. 4. The

adsorption capacity for the cesium ions increased with an

increase of solution pH in the range of 3 and 11.The results

were speculated that it could be attributed to a change in

the surface charge of b-CD/BNC [14]. Electrostatic

attraction such as an ion exchange reaction between cesium

ion and b-CD/BNC was one of dynamic adsorption [14].

The surface charge of b-CD/BNC could increased nega-

tively with the increase of solution pH, which might cause

an increase of the adsorptive capacity by the electrostatic

adsorption. This conclusion was similar to that reported in

Fig. 2 Langmuir isotherms (a) and Freundlich isotherms (b) of Cs? onto b-CD/BNC in absence and presence of Na? and Mg2?

Table 2 Langmuir and Freundlich models parameters of Cs? onto b-CD/BNC

Models Adsorbate Fitting equation Corresponding parameters

Langmuir Cs? c/q = 0.26216 ? 0.02048c R2 = 0.9598, Qm = 48.83 ± 0.35 mg g-1, kL = 0.078 ± 0.043 L mg-1

Cs? ? Na? c/q = 0.5645 ? 0.02114c R2 = 0.9640, Qm = 47.30 ± 0.28 mg g-1, kL = 0.037 ± 0.012 L mg-1

Cs? ? Mg2? c/q = 1.01047 ? 0.02352c R2 = 0.9722, Qm = 42.52 ± 0.85 mg g-1, kL = 0.023 ± 0.009 L mg-1

Freundlich Cs? lnq = 1.88401 ? 0.47176lnc R2 = 0.9830, n = 2.120 ± 0.061, kF = 6.580 ± 0.123

Cs? ? Na? lnq = 1.40028 ? 0.51043lnc R2 = 0.9985, n = 1.959 ± 0.022, kF = 4.056 ± 0.151

Cs? ? Mg2? lnq = 0.93026 ? 0.54663lnc R2 = 0.9887, n = 1.829 ± 0.034, kF = 2.535 ± 0.080

Fig. 3 Effect of adsorbent dosage on the Cs? sorption in 50 mL

solution absence and presence of Na? and Mg2?, temperature 303 K,

pH 7
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previous literature [14, 22]. In presence of Mg2? in the

solution, Mg2? have littler effect on cesium adsorption

when solution pH increased to 9-11. This may be because

Mg2? produced precipitation in the alkaline solution and

reduced its competition with Cs?.

Effect of temperature and adsorption

thermodynamic

Figure 5 showed the effect of temperature on q of Cs?

sorption by b-CD/BNC in absence and presence of Na?

and Mg2?. The q of Cs? sorption increased with an

increasing temperature from 293 to 313 K. The results

indicated that the adsorption process was endothermic. The

values of thermodynamic parameters (DS0, DH0 and DG0)

of the adsorption reaction were determined subsequently

by using the the following equations [29, 30]:

InKd ¼ �DH0

RT
þ DS0

R
; ð9Þ

DG0 ¼ DH0 � TDS0; ð10Þ

where T is absolute temperature (K), R is the ideal gas

constant [8.314 (J mol-1 K-1)], and Kd is the distribution

coefficient of cesium (mL g-1). The intercept of the linear

line of lnKd versus 1/T (Fig. 6) by the van’t Hoff equation

(Eq. (9)). The values of thermodynamic parameters were

shown in the Table 3.

The values of DG0 were negative at the temperature

from 293 to 313 K, which confirmed the spontaneous

nature of the adsorption [30]. The negative values of DG0

increasing with a increase of the temperature indicated

greater Cs? adsorption capacity of b-CD/BNC at the higher

temperature. The positive values of DH0 revealed the

endothermic nature of Cs? adsorption by b-CD/BNC. The

positive values of DS0 implied an increase of the ran-

domness at the b-CD/BNC/solution interface during the

cesium adsorption.

FT-IR analysis

The FT-IR spectra of bentonite, b-CD, b-CD/BNC and b-

CD/BNC after adsorption were shown in Fig. 7. The ben-

tonite spectra in Fig. 7a was previously described in our

study [22]. From Fig. 7a and c, the surface structure of

bentonite has been changed after polymerisation with b-

CD. The peak at 3627 cm-1 of bentonite due to the Al–O–

H stretch [22] disappeared on b-CD/BNC, which was due

Fig. 4 Effect of solution pH on the Cs? sorption in 50 mL solution

absence and presence of Na? and Mg2?, temperature 303 K,

adsorbent dosage 0.25 g
Fig. 5 Effect of temperature on the Cs? sorption in 50 mL solution

absence and presence of Na? and Mg2?, adsorbent dosage 0.25 g, pH

7

Fig. 6 A liner plot of lnKd versus 1/T of Cs? sorption by b-CD/BNC

in 50 mL solution absence and presence of Na? and Mg2?
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to the effect between Al–O–H of bentonite and epoxy

chloropropane. The characteristic peaks of b-CD at

approximately 2925 and 1413 cm-1 (Fig. 7b) that corre-

sponded to the C–H and CH2– stretching vibration,

respectively, was added and shifted into b-CD/BNC at

approximately 2976 and 1420 cm-1 [31]. It indicated that

b-CD was grafted onto the bentonite after the polymeri-

sation reaction.

In Fig. 7c and d, the FT-IR spectra presented the spectrum

change ofb-CD/BNC before and after cesium sorption. After

adsorption was completed (Fig. 7d), the transmittance raised

with cesium sorption, and the intensity of several charac-

teristic peaks of b-CD/BNC was enhanced. The peak of b-

CD/BNC at 3430 cm-1 corresponding to H–O–H stretch

was shifted to 3423 cm-1. This indicated that H–O–H group

of the b-CD/BNC might take part in the cesium sorption.

Figure 7c and e indicated the change of the FT-IR spectrum

of b-CD/BNC before and after Cs? ? Na? adsorption. It

showed that the transmittance weakened, some characteristic

peaks of b-CD/BNC were shifted and the peaks of b-CD/

BNC at 3430 and 1637 cm-1 were shifted to 3380 and

1654 cm-1 after Cs? ? Na? adsorption. From Fig. 7d and

e, comparing with the adsorption of Cs? without Na?, we

observed that more functional groups on the surface ofb-CD/

BNC participated in the adsorption reaction when competi-

tion with Na? existed. Figure 7c and f indicated the change

of the FT-IR spectrum of b-CD/BNC before and after Cs?

and Mg2? adsorption. After Cs? ? Mg2? adsorption, the

peak of b-CD/BNC at 3430 cm-1 was also shifted to

3423 cm-1, which had the same change in the Cs? adsorp-

tion without Mg2?. From Fig. 7d and f, the change of the

functional groups on the surface of b-CD/BNC after

Cs? ? Mg2? adsorption was similar to that after Cs?

adsorption without Mg2?. This showed that the effect of

Mg2? on the adsorption of Cs? might mainly inhibit ion-

exchange adsorption between Cs? and b-CD/BNC, rather

than compete with Cs? for the functional groups of b-CD/

BNC.

EDS analysis

The compositions of b-CD/BNC and b-CD/BNC after

adsorption were estimated from EDS measurements

(shown in Fig. 8a–d). Comparing with the EDS spectrum

of bentonite (analysed in our previous study) [22] and b-

CD/BNC, the researchers observation of the presence of C

(10.66%) peaks and increase of O (from 51.53 [22] to

55.29%) confirmed that b-CD was grafted onto the ben-

tonite during polymerisation. As shown in Fig. 8b, the

increase of Cs peak after Cs? adsorption in the EDS pattern

confirmed that cesium ions were adsorbed by b-CD/BNC.

From Fig. 8b, c and d, Cs in b-CD/BNC was 1.77% after

Cs? adsorption, 1.37% after Cs? ? Na? adsorption and

1.21% after Cs? ? Mg2? adsorption, which further proved

that Na? and Mg2? could reduce Cs? sorption by b-CD/

BNC, and the Cs? sorption was suppressed by presence of

Mg2? more than Na?. Ca in b-CD/BNC was 2.40%, 2.17%

after Cs? adsorption, 2.00% after Cs? ? Na? adsorption

and 0.75% after Cs? ? Mg2? adsorption. The results

Table 3 Thermodynamic

parameters of Cs? onto b-CD/

BNC in absence and presence of

Na? and Mg2?

Adsorbate Temperature

(K)

DG0 (KJ mol-1) DH0 (KJ mol-1) DS0 (J mol-1 K-1)

Cs? 293 -87.32 ± 0.67 70.10 ± 0.83 298.26 ± 1.29

303 -90.30 ± 0.95

313 -93.29 ± 1.36

Cs? ? Na? 293 -71.878 ± 0.43 56.83 ± 0.71 245.52 ± 0.98

303 -74.33 ± 0.72

313 -76.79 ± 0.89

Cs? ? Mg2? 293 -51.36 ± 0.35 37.24 ± 0.69 175.40 ± 0.85

303 -53.11 ± 0.78

313 -54.86 ± 0.41

Fig. 7 FT-IR spectra of bentonite (a), b-CD (b), b-CD/BNC (c), b-

CD/BNC after Cs? adsorption (d), b-CD/BNC after Cs? ? Na?

adsorption (e) and b-CD/BNC after Cs? ? Mg2? adsorption (f)
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indicated that Cs?, Na?, and Mg2? in aqueous solution

were exchanged for the interlayer hydration cations (Ca2?)

of b-CD/BNC by ion exchange reaction. Cs? sorption in

the presence of Mg2?, Ca in b-CD/BNC decreased more

obviously (from 2.4 to 0.75%), which showed the influence

of Mg2? on adsorption of Cs was mainly due to competi-

tive ion exchangeable reaction with Ca in b-CD/BNC. This

result further confirmed the FT-IR result shown above.

Conclusions

The equilibrium data and adsorption kinetic data of the

adsorption of Cs? onto b-CD/BNC in absence and presence

of Na? and Mg2? fit Freundlich isotherm and pseudo-sec-

ond-order kinetic models, respectively. Thermodynamic

parameters indicated that the adsorption process were

spontaneous and endothermic nature. Competitive cations

(Na? and Mg2?) could reduce the adsorption capacity of Cs?

onto b-CD/BNC, and the effect of Mg2? on the adsorption of

Cs? by b-CD/BNC was greater than that of Na?. b-CD/BNC

was preferential adsorption toward Cs? than competitive

cations (Na? and Mg2?). More functional groups on the

surface of b-CD/BNC participated in adsorption when Na?

competed with Cs?. The effect of Mg2? on the adsorption of

Cs? mainly inhibit ion exchange adsorption between Cs?

and b-CD/BNC rather than compete with Cs? for the

functional groups of b-CD/BNC. Mg2? on adsorption of Cs

was mainly due to competitive ion exchangeable reaction

with Ca in b-CD/BNC. The results of our study showed that

b-CD/BNC was an effective sorbent for cesium.
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