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ABSTRACT

Chitosan-graft-benzo-15-crown-5 ether (CTS-g-B15C5) for metal ion separation was prepared and opti-
mized by Box-Behnken design (BBD). Results showed that the maximum immobilization amount (I,)
of crown ether grafting on chitosan (CTS) polymer was 4.93 mmol-g™' under the optimal conditions,
which is in good agreement with the result predicted by BBD (4.97 mmol-g™). Moreover, the CTS-g-
B15C5 film exhibited an excellent adsorption ability and selectivity to different metal ions. The adsorp-
tion rates obtained by CTS-g-B15C5 film were 96.9% for Ag* and 94.3% for Pd*, which were higher
than those obtained by CTS at the similar conditions. The order of adsorption ability on CTS-g-B15C5
was Ag*>Pd* > Pb* > Cu® > Ni*" > Cr*, and the selectivity coefficients of CTS-g-B15C5 for metal ions
were K =540, K =8.59, and KP = 8.44, respectively. The results showed that CTS-

Ag* /Ni?* Ag'/Cr’* 4% /Crt
g-B15C5 film could be used for separation of precious metals Ag*and Pd*. Furthermore, the CTS-g-
B15C5 film could be reused after regeneration, and the adsorption rates for Ag* and Pd* kept up to
90% after being regenerated for five times, which suggests a good stability and potential application
in heavy metal recycling field.
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1. Introduction adsorption [7], ion-exchange [8], membrane separation [9],
and electrochemical removal [10] are widely used for remov-
ing the toxic heavy metals. Among them, adsorption espe-
cially using low-cost adsorbents is one of the economical
and effective methods for metal contamination removal [11].
Bailey et al. [12] summarized an extensive list of low-cost
sorbents including chitosan (CTS), xanthate, zeolite, etc., for
removal of heavy metals. Among the 12 identified potential
sorbents, CTS exhibits the highest sorption capacity for cop-
per, lead, mercury, and zinc.

CTS, a poly-N-acetylglucosamine, is normally obtained
from alkaline deacetylation of chitin, and is the second nat-
ural organic polymer next to cellulose in abundance [13].
* Corresponding author. It is extensively used for heavy metal removal from aque-

ous solution due to the composition of amine and abundant

Contamination of toxic heavy metals is now a serious
environmental problem that significantly affects the quality
of water supply [1]. Effluents from industry, such as print-
ing and dyeing, metallurgy, electroplating, and mining are
the main sources containing heavy metals. Toxic heavy met-
als, such as lead, nickel, mercury, cadmium, and copper,
cause severe damages to human health [2-4]. Hence, it is
important to remove metal ions from industrial wastewater
as well as drinking water. Convention treatment processes
such as chemical precipitation [5], oxidation/reduction [6],
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hydroxyl groups [14-17]. However, -NH, is easily proton-
ated in acid, which results in CTS dissolving and losing in
water. Furthermore, CTS adsorption is non-selective sepa-
ration of metal ions and requires chemical modification to
improve its selectivity for target ions [18,19]. A number of
strategies have been proposed to enhance the adsorption
capacity and selectivity of CTS for heavy metal ions, such as
modifying CTS with magnetic particles [20,21], synthesiz-
ing ethylenediamine-type CTS with more N-coordination
sites [22], preparing CTS-based hydrogels [23,24], and
grafting with crown ether [25]. Among them, crown ether
graft CTS seems to be a promising way to enhance the selec-
tivity of CTS.

Crown ethers are an integral part of many receptors that
can be called “molecular mousetraps” as they have the ability
to bind the positively charged guest. They show selectively
complexing with metal ions due to the particular molecular
structures. For example, benzo-15-crown-5 ether (B15C5)
is known to binding Na’, K*, and Ag" ions reversibly [26].
However, free crown ethers are toxic, and not easily to be
recovered after being used. Strategies of grafting crown ether
onto CTS polymer have been presented to solve the problem.
Ding et al. [25] reported a N,N'-dibenzo-18-crown-6 ether
graft chitosan (CTSDC), which was further cross-linked by
epichlorohydrin to present diazacrown ether cross-linked
chitosan (CCTSDC). Both CTSDC and CCTSDC show good
performance for adsorbing noble metal ions and high selec-
tivity for adsorption of Ag" and Pd?.

In our previous work, B15C5 was grafted onto CTS
polymer [27]. It was found that the immobilized crown
ether showed good performance for lithium isotope sep-
aration and the separation factor was 1.037. However,
the reaction condition of the graft process has not been
explored and the adsorption for heavy metal ions has not
been studied in detail. The aim of the present study is to
optimize the reaction parameters for preparing the chi-
tosan-graft-benzo-15-crown-5 ether (CTS-¢-B15C5), and
explore the performances of CTS-g-B15C5 for heavy metal
ions separation.

2. Materials and methods
2.1. Materials

CTS was obtained from National Pharmaceutical Group
Corporation (China). The degree of deacetylation is 83.2%
(determined by "H NMR [28]). 4'-Formylbenzo-15-crown-5
ether (FB15C5) was synthesized by the method reported in
the literature [29] and its structure was confirmed by Fourier
transform infrared spectroscopy and 'H NMR spectra. All
other reagents were purchased from Tianjin Guangfu Fine
Chemical Research Institute (China).

2.2. Preparation of chitosan-graft-benzo-15-crown-5 ether

CTS-g-B15C5 polymer was synthesized through the
Schiff base reaction between the amino groups of CTS and
the formyl groups of FB15C5 as the previous work [24].
Typically, FB15C5 was dissolved in a certain volume of
ethanol (V, mL), and a definite amount of CTS (0.5 g) was
dissolved in a certain concentration of acetic acid aqueous

solution (V' = V). The FB15C5 solution was added dropwise
into the mixture over 30 min in a nitrogen atmosphere, and
was refluxed under stirring for 24 h. Then, the pH of the
solution was adjusted to 7.0 by sodium hydroxide solution
(1.0 mol-L1) to end the reaction. The mixture was distilled
under vacuum and washed with distilled water. Finally, the
Schiff base type CTS-g-B15C5 polymer was obtained after
being extracted with ethanol (300 mL) in a Soxhlet appara-
tus. The degree of substitution (DS) is determined by Eq. (1)
and the immobilized amount (I,; mmol-g™') of crown ether is
determined by Eq. (2):

mxw _ m 1)
14 (Moo x(1-DS)+M x DS)x83.2% + M, x16.8%

CTS-g-BI5C5

- DS 1000 2)
M

CTS

I

A

where m (g) denotes the mass of CTS-¢g-B15C5 polymer; w
(Wt%) is the weight fraction of N of CTS-g-B15C5 (obtained
by elemental analysis, Vario EL Cube Automatic Instrument,

Germany); My, MCTSX’BBCS, and M_, are the molar mass of

CTS units, CTS-¢g-B15C5 units, and undeacetylated chitin
units on the polymer molecules, respectively. The chemical
structure of CTS-g-B15C5 was characterized by solid-state *C
nuclear magnetic resonance (*C NMR, Varian Infinity plus
300WB NMR spectrometer).

2.3. Response surface methodology design for preparing
CTS-g-B15C5

Response surface methodology (RSM) was employed to
optimize the experimental parameters, and Box-Behnken
design (BBD) was selected as experimental design tech-
niques due to its advantages for a quadratic response sur-
face model with three or more factors [30,31]. According
to the results obtained from single factor experiments [24],
four reaction parameters including crown ether amount
(A, g), ethanol amount (B, mL), acetic acid concentration
(C, v/v %), and reaction time (D, h), were selected as vari-
ables for the experimental design of BBD (three-level-four-
factor). The experimental design including independent
factors (A-D) and levels were shown in Table 1. A total of
29 RSM arrangements with different variables were pre-
pared according to experimental design for four-factor
system with five replicates at the center point (Table 2).
Analysis of variance (ANOVA) was used to evaluate the
fitness of the model.

Table 1

Independent variables and their levels used for RSM
Variables Levels

-1 0 +1

Crown ether amount (A), g 1.1 1.3 1.5
Ethanol amount (B), mL 20 30 40
Acetic acid concentration (C), v/v % 8 12 16
Reaction time (D), h 21 24 27
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Table 2

145

RSM arrangement and responses for the immobilized amount of crown ether®

Run Variables Observed value I,
A(g) B (mL) C (v/v %) D (h) (mmol-g™)
1 1.3 30 12 24 4.86
2 1.3 30 8 21 494
3 1.3 40 12 21 4.50
4 1.3 30 12 24 471
5 1.5 30 16 24 431
6 1.3 30 12 24 4.86
7 1.1 40 12 24 3.95
8 1.3 20 8 24 4.50
9 1.3 20 12 27 4.56
10 1.3 30 16 27 438
11 1.5 30 8 24 4.85
12 1.5 20 12 24 4.38
13 1.3 30 12 24 471
14 1.1 30 16 24 4.62
15 1.1 30 12 21 4.59
16 1.1 20 12 24 4.40
17 1.5 30 12 21 4.38
18 1.3 30 16 21 459
19 1.3 40 8 24 4.87
20 1.3 20 16 24 4.74
21 1.5 30 12 27 4.79
22 1.1 30 12 27 4.10
23 1.3 40 12 27 4.01
24 1.3 20 12 21 4.80
25 1.3 40 16 24 447
26 1.5 40 12 24 4.36
27 1.3 30 12 24 4.46
28 1.3 30 8 27 4.70
29 1.1 30 8 24 4.63

2A, crown ether amount; B, ethanol amount; C, acetic acid concentration; D, reaction time; [ » immobilized amount of crown ether on CTS.

2.4. The adsorption experiments
2.4.1. The adsorption performance of FB15C5

The adsorption performance of FB15C5 was studied by
liquid-liquid extraction. An aqueous solution containing
heavy metal ions such as Pb*, Ag®, Pd*, Ni*, Cu*, and Cr*
was prepared from analytical grade metal nitrates. The con-
centration of each metal ion was 0.01 mol-L™'. 10 mL FB15C5
chloroform solution (0.01 mol-L") and 10 mL aqueous solu-
tion of heavy metal ions were mixed together at a bottomed
flask and stirred for 90 min. Then, the concentration of metal
ions in aqueous phase after extraction was measured with an
inductively coupled plasma optical emission spectroscopy
(ICP-OES; Varian, 715-ES, American).

2.4.2. The adsorption performance of CTS and CTS-g-B15C5 films

The CTS and CTS-¢-B15C5 films were prepared as follows:
2 g CTS or CTS-g-B15C5 polymer was dissolved in 18 mL (v/v %)
acetic acid aqueous solution. After deaerating, the homogenous

mixture was poured onto a clean glass plate, and air-dried over-
night. The obtained film was washed by 5 wt% sodium carbon-
ate solution and water, and dried under vacuum.

The adsorption performances of CTS and CTS-g-B15C5
films were conducted by a liquid—solid extraction. 0.1 g CTS
or CTS-g-B15C5 film was added into a flask with 25 mL
heavy metal ions aqueous solution, which contains Pb*, Ag*,
Pd*, Ni**, Cu?*, and Cr**ions. The concentration of each metal
ion was 25 mg-L™ at pH 4 [25,32]. The liquid-solid mixture
was stirred for 12 h. After filtration, the ion concentration in
the solution was determined by ICP-OES. The adsorption
amount (Q) and adsorption rate (g) for each ion at equilib-
rium were calculated by Egs. (3) and (4), respectively:

C -C)xV
0- -G .
q:LonCe)xloO% )

o
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where C and C, are the initial and equilibrium concentration
of metal ions (mg-L™?), V (mL)is the volume of the system,
and m (g) is the mass of CTS-g-B15C5 film.

The general expression for the distribution ratio k can be
followed by Eq. (5) [33]:

_(E, =)V
- C, xm

k Q)

where m is the mass of film (g), and V is the volume of solu-
tion containing metal ions (mL).

In order to investigate the adsorption selectivity, a selectiv-
ity coefficient (K, ;) of two metal ions is defined by Eq. (6) [34]:

=-A (6)
where k, and k, are the distribution ratio of the two metal ions.

3. Results and discussion
3.1. Characterization of CTS-g-B15C5

3C NMR was used to characterize the chemical structure
of CTS-g-B15C5. The solid-state *C NMR spectrum of CTS-
g-B15C5 is shown in Fig. 1, and it was compared with sol-
id-state ®*C NMR spectrum of CTS and ®*C NMR spectrum
of CTS of FB15C5 (in CD,CI). In the spectrum of CTS (line
2 in Fig. 1), there were five main peaks at chemical shifts of
58.1, 61.0, 75.8, 83.1, and 105.3 ppm, which were ascribed to
the six carbons in CTS bone, respectively. In the spectrum of
FB15C5 (line 3 in Fig. 1), the peaks at chemical shifts of 110.8,
112.9, 126.8, 130.3, 149.5, and 154.5 ppm were belonging to
the vibration of carbons on benzene ring, and the peaks at
chemical shifts from 68.6 to 71.5 ppm and around 77.0 ppm
were attribute to the carbons on crown ether ring. The char-
acteristic peak of formyl group presented at 190.8 ppm. In
the spectrum of CTS-g-B15C5 (line 1 in Fig. 1), the chemical
shifts of the wide peak from 57.0 to 83.7 ppm were due to the
abundant carbon on the backbone of CTS, and the peak at
70.9 ppm was ascribed to the carbons on crown ether ring.
The chemical shifts from 104.8 to 152.1 ppm were ascribed to
the six carbon of the benzene ring. The characteristic peak of

200 150 100 50 0

Fig. 1. C NMR of CTS-g-B15C5 (solid state), CTS (solid state),
and FB15C5 (in CD,Cl).

C=N was presented at 166.3 ppm. The results obtained from
BBC NMR confirmed that a Schiff base type of CTS-g-B15C5
polymer was obtained.

3.2. Optimizing the experimental parameters for preparing
CTS-g-B15C5

3.2.1. Model fitting

To study the interactive effects of different experimen-
tal parameters, the values of different reaction factors, the
response values, and the experimental results are shown in
Tables 1 and 2. The final quadratic equation that could indi-
cate the relation between reaction factors and I, according to
the experiments obtained by Design Expert 8.0 was given in

Eq. (7):

R=4.72+0.066xA-010xB-0.12xC-0.10xD
+011xAxB-013xAxC+022xAxD
-0.16 xBxC—-0.065xBxD+0.019xCxD
-0.21 x A2-0.18 x B>+ 0.071 x C*- 0.086 x D? (7)

where R is the respond value (I,). The impact factors A, B, C,
and D refer to crown ether amount, ethanol amount, acetic
acid concentration, and reaction time, respectively.

3.2.2. Analysis of variance

The results of the ANOVA for this response surface qua-
dratic equation are shown in Table 3. It can be seen from
Table 3 that the F value 3.66 is larger than the theoretical
F value (2.48), which means that the model is significant.
The low p value (<0.05) implies that the model terms are
significant. The “lack of fit p-value” of 0.5841 (>0.05) indi-
cates that the lack of fit is not significant and the model fits
well. The R-squared (R? = 0.8220) reveals the goodness of the
fit. Additionally, a relatively lower value of the coefficient
of variances (C.V. [30] = 4.92%) reflects better accuracy and
reliability of the experiments. “Adeq Precision” measures the
ratio of signal to noise. Herein, the ratio of 7.472 indicates an
adequate signal. Therefore, the present model can be used to
navigate the design space.

Besides, ANOVA table can also be used to analyze the
significant impact of various factors on the response value.
The order of significant impact of single factor can com-
pare by the size of F value: acetic acid concentration (C) >
reaction time (D) > ethanol amount (B) > crown ether
amount (A). Similarly, it can also found that the order of
two factors interaction which influences on I, was AD>BC >
AC> AB.

3.2.3. Model adequacy testing

Fig. 2 shows the residual and the influence plots for
the experiments. It can be found from Fig. 2(a) that the
data tend to be close to a straight line and are consistent
with the theoretical distribution. It indicates that the
model obtained and the results of the ANOVA are rea-
sonable and adequate. It also can be seen from Fig. 2(b)
that the actual values are in good agreement with the pre-
dicted values.
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Table 3
The ANOVA analysis of the model
Source Sum of squares  Degrees of Mean square F value Probability level
freedom
Model 1.45 14 0.1 3.66 0.0104 Significant
A 0.053 1 0.053 1.87 0.0193
B 0.12 1 0.12 4.39 0.0547
C 0.16 1 0.16 5.81 0.0303
D 0.12 1 0.12 44 0.0547
AB 0.046 1 0.046 1.62 0.0224
AC 0.07 1 0.07 2.46 0.0139
AD 0.2 1 0.2 7.11 0.0184
BC 0.1 1 0.1 3.65 0.0767
BD 0.017 1 0.017 0.6 0.0452
CD 1.41 %107 1 1.41 %107 0.05 0.0826
A? 0.28 1 0.28 9.73 0.0075
B? 0.21 1 0.21 7.56 0.0157
c 0.033 1 0.033 1.16 0.0299
D? 0.048 1 0.048 1.7 0.0213
Residual 0.4 14 0.028
Lack of fit 0.29 10 0.029 1.07 0.5841 Not significant
Pure error 0.11 4 0.027
Core total 1.85 28
C.V.% =492 Adequate precision =7.472 R*=0.8220

3.2.4. Significance analysis of influence factors

Taking two factors into account and keeping the other fac-
tors unchanged, a response surface about I, vs. the factors can
be obtained as shown in Fig. 3. It is observed from Fig. 3(a)
that I, increases with increasing the amount of crown ether
and ethanol. Obviously, the contour plot of ethanol amount
is much steeper than that of crown ether amount. It indicated
that the influence of ethanol amount on I, is greater than that
of crown ether amount, which is in perfect accordance with
the ANOVA.

Moreover, the effect of concentration of acetic acid
and reaction time on I, is presented in Fig. 3(b). The inter-
active effect of reaction time and acetic acid concentration
is also highly significant. The influence of acetic acid con-
centration is greater than that of reaction time. Equally,
the effect of reaction time and ethanol amount on I, and
their mutual interaction are illustrated in Fig. 3(c). As
shown, the longer the reaction time, the higher I, value.
Obviously, the reaction time is a key factor for the reac-
tion. Fig. 3(c) also shows that the influence of reaction
time is greater than that of ethanol amount. The results
from response surface analysis are consistent with the
observations in section 3.2.2.

3.2.5. Optimization and validation

The maximum predicted value of I, obtained by the BBD
was 4.97 mmol-g™ under the optimal conditions of 0.5 g CTS,
1.38 g crown ether, 33 mL ethanol as cosolvent, 8 wt% ace-
tic acid as solvent, and reaction time 23 h. Three repeated

validation experiments were implemented at the selected
optimal levels of the operational parameters, and the average
values of I, were 4.93 mmol-g™, which is in good agreement
with the predicted value. The results revealed that the BBD
was a reliable and valuable method to optimize the amount
of immobilized crown ether.

3.3. Adsorption properties
3.3.1. The adsorption property of FB15C5

As shown in Table 4, the adsorption rates of Pd* and
Ag* obtained by FB15C5 were 15.6% and 14.5%, respec-
tively, and the order of adsorption ability for metal ions was
Pd* > Ag*> Pb*> Cu*> Ni*> Cr*. It is an interesting phe-
nomenon that the adsorption capability of FB15C5 was rel-
ative to the metal ions radius (Table 5), which suggested
that crown ethers could selectively adsorb metal ions.
It is related to the cavity size and charge effect of crown
ether cycle on FB15C5. On one hand, the center of crown
ether (B15C5) bears a negative charge. Therefore, a host—
guest complex would be formed by electrostatic interac-
tion between crown ether and cation (metal ion). On the
other hand, when the interior cavity (“hole”) size of crown
ether molecule is near to that of a given cation, the binding
between crown ether and the cation is proper. This is the
so-called “hole size relationship”. For instance, the cavity
radius of B15C5 is approximately 0.8-1.1 A [35]. As shown
in Table 6, the ionic radii of Ag*and Pd* are 1.21 and 0.85 A,
which are close to that of B15C5. Consequently, FB15C5 was
apt to adsorb Ag*and Pd*.
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Fig. 2. Normal probability graph of internal residuals (a) and
predicted vs. actual plot (b).

3.3.2. The adsorption property of CTS and CTS-g-B15C5

It is well known that CTS can form complexes with vari-
ous metal ions. The amino groups on the chain are involved
in specific interactions with metals [37]. As shown in Table 4,
CTS exhibited good adsorption for many metal ions, espe-
cially for Cu*. The affinity of CTS for cations may be
explained by “Pendant Model” proposed by Ogawa and Oka
[38]. However, it is obvious in Table 4 that the adsorption
capability for Ni*, Cu®*, and Cr* sharply decreased while
that for Ag* and Pd* steadily increased after the crown ether
being graft onto CTS. The decrease of adsorption capability
for Ni*, Cu*, and Cr** may be due to inactivation of -NH,
groups, while the increase of adsorption capability for Ag*
and Pd* may be ascribed to the highly selective complex-
ation of B15C5 on CTS with metal ions. As shown in Table 4,
the adsorption capability of CTS-g-B15C5 is much higher
than that of FB15C5. Especially, the adsorption rates of CTS-
8-B15C5 was 94.3% for Pd* and 96.9% for Ag* as a result of a
synergistic effect between CTS main chain and B15C5 during
the solid-liquid extraction. The results obtained were in good
agreement with those reported by Gokel et al. [39].

P
SRR
et
SRR
R

S

L

0,, 3500 3. ethanol amount

Fig. 3. Three-dimensional (3D) response surface for immobilized
amount of crown ether: (a) the interaction of crown ether amount
and ethanol amount; (b) the interaction of acetic acid concentra-
tion and reaction time; and (c) the interaction of ethanol amount
and reaction time.

Table 4
The adsorption rate of FB15C5, CTS, and CTS-g-B15C5°

Adsorbent Adsorption rate (%)

I)b2+ Ag+ Pd2+ Ni2+ Cu2+ Cr3+
FB15C5 12.6 14.5 15.6 1.7 2.3 1.8
CTS 673 909 59.7  47.1 96.3  60.6
CTS-B15C5 724 969 943 17.8 246 11.2

°pH value was 4.0 [32] and the adsorption time was 12 h.
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In sum, both CTS and CTS-g-B15C5 present the different
selectivity to different heavy metal ions. The further expla-
nations about the adsorption selectivity of CTS and CTS-g-
B15C5 would be illustrated in the following section.

3.3.3. The adsorption selectivity of CTS and CTS-g-B15C5

The selectivity coefficient of two ions is the most useful
parameter during the practical applications of adsorption
materials. The selectivity coefficients of CTS and CTS-g-
B15C5 for metal ions are listed in Table 6.

As mentioned in section 3.3.2, CTS is an excellent natural
adsorbent for metal ions due to the presence of -NH, and -OH

Table 5
The radius of different metal ions [36]
Metal ion Radius (A)
Pb* 1.27
Ag' 1.21
Pd> 0.85
Ni* 0.73
Cu* 0.72
Cr* 0.62
Table 6
The selectivity coefficient of CTS and CTS-g-B15C5
Adsorbent CTS CTS-g-B15C5
KAg+ e 2.06 5.40
I(Ag+ s 1.60 8.59
Koo e 127 5.31
K, - 0.99 8.44
Koo e 1.64 4.07
Koy o 1.28 6.47
CH,OH H H;N
(0}
H/H OH HW
% OH H/g H\H
H N CH,OH
N\
o !0
g
Ag \>
(0] (0}

Fig. 4. Structure models of Ag*-CTS-g-B15C5 complex.

groups. However, CTS shows poor adsorption selectivity. For
instance, as shown in Table 6, the selectivity coefficients for
CTS are K =2.06, K =1.60, and K =0.99.

Ag* /Ni% Pd*" /Cr’*
On contrary, the selectivity coefficients of metal ions for CTS-
g-B15C5 are much higher than those for CTS. For example,
the coefficients of selectivity of metal ions for CTS-g-B15C5
are K =540, K =8.59, and K = 8.44, respec-

Ag'/Ni** Pd**/Cr?*
tively. The reason is that crown ether exhibits selective
adsorption for particular ions with proper radius and charge
so as to form a complex. As shown in Fig. 4, it could be seen
from the structure model of Ag'—(CTS-g-B15C5) complex that
the crown ether segment on CTS-g-B15C5 coordinated with
Ag" by one-to-one [40]. It is possible that Ag* not only sit on
top of the B15C5 plane slightly, but also coordinated with
five oxygen atoms of crown ether cycle and one oxygen atom
nearby of CTS main chain, thus to form a pseudo-octahedral
structure. Such a complex is known to be relatively more sta-
ble than the complex formed through the coordination with
only B15C5.

Ag' /e

Ag'/Cr®

3.3.4. Kinetics and isotherm adsorption studies

The effect of time on the adsorption rate of Ag* and Pd*
ions on CTS-g-B15C5 film is shown in Fig. 5. It can be seen
that the adsorption capacity increased dramatically at the
first 2 h, then reached a plateau after the adsorption time of
4 h. The equilibrium adsorption rate was up to 96.9% and
94.3% for Ag* and Pd*, respectively. The pseudo-first-order
adsorption kinetic model (Eq. (8)) was used to characterize
the adsorption process as shown in Fig. 5.

In(g, —q,) =Inq, -kt ®)
where g, and g, are the adsorption rate of the CTS-g-B15C5 film
at adsorption time ¢ and equilibrium, respectively. k is the rate
constant of the pseudo-first-order adsorption kinetic model.

According to Eq. (6), the calculated rate constant k was
1.83 and 0.92 h™, and the calculated adsorption rate of the
CTS-g-B15C5 film at adsorption equilibrium was 96.5%
and 94.9%, which are in agreement with the actual value of
adsorption rate as shown in Fig. 5.

©@cooON @
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Fig. 5. Adsorption kinetics of Ag" and Pd* ions on CTS-¢-B15C5
film.

The adsorption isotherms of Ag" and Pd* ions on CTS-
g-B15C5 film are shown in Fig. 6. The isotherm data of the
both ions can be fitted well by the Langmuir model (Eq. (9)).
The regression coefficients (R?) were 0.988 and 0.979 for Ag*
and Pd* ions, respectively. These results indicated a mono-
layer adsorption process.

bC,
" TrbC ©)

Q. =Q

where Q (mg-g™) is the adsorption amount at equilibrium,
Q,, (mg-g™)is the adsorption theoretical monolayer adsorp-
tion capacity of the adsorbent, C (mg-L™) is the equilib-
rium ions concentration in solution, b is the Langmuir con-
stant and related to the free energy of adsorption.

3.3.5. The reusability of CTS-g-B15C5

Thiourea was used to regenerate the used CTS-g-B15C5
film. The used CTS-g-B15C5 film was washed with excess
thiourea solution (0.01 mol-L™") and water until no metal
ions were detected in the washed water. The regenerated
film was reused in the next adsorption experiment with the
same condition as before to examine the reusability of CTS-g-
B15C5 film. Fig. 7 shows the adsorption capacity of the used
CTS-g-B15C5 film for Ag* and Pd?. It was seen that the film
showed good adsorption performance after regeneration.
The adsorption rates for Ag" and Pd* were more than 90%
after being regenerated for five times, which suggests a good
stability of the CTS-g-B15C5 film.

4. Conclusions

CTS-g-B15C5 film for metal ion separation was prepared.
The grafting reaction parameters were optimized by BBD,
and the predicted immobilized amount of crown ether was
4.97 mmol-g™, which was in agreement with the actual value
(4.93 mmol-g™). CTS-¢g-B15C5 exhibited higher adsorption
ability for Pd**and Ag* owning to the synergistic effect of the

50
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40 /./I
m
- 30 — R
? / ./
£ / _
o
10 ./
v
0 T T T
0 20 40 60 80 100
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Fig. 6. Adsorption isotherms of Ag*and Pd* ions on CTS-g-B15C5
film.
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Fig. 7. Adsorption rate of the regenerated CTS-g-B15C5 film for
Ag'"and Pd*>.

crown ether group and CTS. The adsorption rates obtained
by CTS-g-B15C5 film were 96.9% for Ag™ and 94.3% for Pd*,
and the selectivity coefficients of CTS-¢g-B15C5 for metal
ions were K =5.40, K =8.59, and K =8.44,

Ag* /Ni** Ag'/Cr® Pd* /Cr
respectively. Furthermore, the adsorption rates for Ag* and
Pd* were more than 90% after being regenerated for five
times. The results indicated that CTS-g-B15C5 film could be
used for separation of precious metals Ag*"and Pd*".
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