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ABSTRACT

A new type of Zn>* ion-imprinted polymer (Zn>*-IIP) was synthesized on the surface of
attapulgite, displaying high affinity and selectivity to Zn®*. Fourier transform infrared
spectra (FTIR) revealed Zn®*-IIP to be an organic-inorganic hybrid polymer, with Zn**
imprinted cavities formed by CTS groups and connected to the surface of the attapulgite by
A-187 cross-linked network. The adsorption kinetic investigation showed that the adsorp-
tion of Zn**on Zn**-IIP was a pseudo-second-order process. The maximum adsorption
capacities of Zn>* were 0.536, 0.665, 0.715, and 0.722 meq/g at 288, 298, 308, and 318 K,
respectively, where the activation energy, E,, was evaluated as 23.8 k]/mol. By thermody-
namic study, AH® and AS° of the adsorption were determined as 30.862 kJ/mol and
108.664 J/mol K, respectively, while the negative AG® decreased with rising temperatures,
indicating that the adsorption process was feasible and spontaneous. The adsorption selec-
tivity of the Zn>*-IIP was also investigated via competitive adsorption of Zn**, Cd**, Cs",
Co?*, Ba?*, Sr**, and Pb** from a mixture, demonstrating that Zn?*-1IP had the capability of
recognizing Zn** with high affinity and selectivity. The study of multi adsorption-desorp-
tion cycles showed that the Zn®*-IIP can be reused many times without a significant
decrease in the adsorption capacity.
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1. Introduction discharged from industries, such as galvanizing
plants, acid mine drainage, natural ores, and munici-
pal wastewater treatment plants [34]. Zn** is not
biodegradable and travels through the food chain via
bioaccumulation. According to the World Health
Organization, the maximum acceptable concentration
of zinc in drinking water is 5 mg/L [5]. And, its toxic-
ity for humans is 100-500 mg/d [6]. Therefore, remov-
ing excess of zinc from wastewater is of great
importance. Numerous methods are currently

Contamination of waters by heavy metal ions from
the discharge of industrial wastewater causes a world-
wide environmental problem. Cadmium (Cd), lead
(Pb), copper (Cu), and zinc (Zn) ions are among the
most common heavy metal ions found in industrial
effluents [1,2]. Zn** is often found in effluents
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employed, including carbon adsorption, ion exchange,
chemical oxidation and reduction, membrane separa-
tion, electrolytic treatment, liquid extraction, coagula-
tion, evaporation, electro precipitation, flotation,
hydroxide and sulfide precipitation, ultra filtration,
crystallization, and electrodialysis [7-9]. Adsorption is
one effective method for removing zinc [10,11].

Ion-imprinted polymers (IIPs) prepared by molecu-
lar imprinting technique are some of the developed
adsorbents for the selective removal of heavy metals
[12]. An ijon-imprinted polymer is synthesized by
co-polymerizing template ions with suitable mono-
mers. Then, template ions are removed and imprinted
cavities are created. The cavities provide tailor-made
binding sites for the template ions removed from the
ion-imprinted polymer [13,14]. So, IIPs are effective
and selective adsorbents for their respective
imprinting ions [13,15,16].

However, most of the traditional IIPs exhibit high
selectivity but poor site accessibility to the target ions
because many of the functional groups and template
ions are embedded inside the polymer network, and
mass transfer is difficult [17]. Surface imprinting is a
feasible solution to this problem. Surface ion imprint-
ing technique is one of the important synthesizing
methods of IIP and has outstanding advantages, e.g.
simple and convenient preparation, and high selectiv-
ity [18]. Currently, several studies have reported ion-
imprinted polymer based on surface imprinting with
selective adsorptions of heavy metal ions, such as cad-
mium and copper ions, but few is about zinc ions
[19]. Thus, it is of great value to prepare a new adsor-
bent using surface imprinting method in order to ion
selectively remove Zn®** from wastewater. In this
study, a novel ion-imprinted polymer was synthesized
on the surface of attapulgite. The Zn®* adsorption
behavior of the IIP was also studied. Meanwhile, a
complex system containing Zn®* (e.g. effluents and
wastewater) also contain many other metal ions
[20-22], such as Cs*, Sr**, Ba®*, Cu®*, Co**, Ni**, Pb**,
Cd?*, Mn?*, Cr**, V°*, and As®*. Therefore, this study
also investigated the selective adsorption of Zn®" onto
I[IP among a range of trace elements: Cd?*, Cs*, Co*,
Ba™*, Sr**, and Pb*".

2. Materials and methods
2.1. Materials

Chitosan (CTS), zinc sulfate heptahydrate
(ZnSO47H,O) (both from Sinopharm Chemical
Reagent Co., Ltd, Beijing, China) and cross-linking
agent Ethenyltrimethoxysilan (A-187) (from Union
Carbide Corporation, USA) were used in the present
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work. The attapulgite was supplied by Sino Material
(Xuyi, China). Doubly deionised water (DDW) was
used throughout this work.

2.2. Synthesis of Zn** ion-imprinted polymer

Stock solution of metal was prepared using zinc
sulfate heptahydrate (ZnSO,-7H,0) in distilled water.
10 mL of ZnSO, solution (1 mol/L) and 5g of CTS
were added to 100 mL of 0.1 mol/L acetic acid aque-
ous solution at 35°C. Then, 10 g of attapulgite powder
was added into the solution. After stirring for 1h,
15 mL of A-187 was added into the solution to form a
mixture. The mixture was stirred for 4 h to synthesize
the polymer. After that, the moist mixture was kept at
room temperature and ambient pressure for 24 h,
allowing for evaporation, to complete the polymeriza-
tion. The dried polymer product was ground to a fine
powder and was washed with DDW to remove non-
bound Zn**. The polymer was consequently treated
with 1.0 mol/L HNO; for 24 h at room temperature to
completely leach out the coordinated Zn**. The poly-
mer was rinsed several times with DDW and was neu-
tralized with 1.0mol/L NaOH. The resulting
adsorbent containing Zn** cavities was washed, fil-
tered with DDW, and dried. The product was ground
to a fine powder and sized with 80-mesh sieve and
stored for further use. By comparison, the non-ion-im-
printed polymer (NIP) was prepared as a blank in
parallel without the addition of Zn**. The functional
groups on ion-imprinted polymer were characterized
by Fourier transform infrared spectroscopy (FTIR,
Perkin-Elmer 580B) using KBr pellet. X-ray diffraction
(XRD) measurements were performed on an XD-98
diffractometer with Cu Ko radiation (4 = 0.154 nm) at
a scanning rate of 4°/min. The thermogravimetric
analysis was carried out using a thermogravimetric
analyzer at a heating rate of 10°C/min. The IIP
samples were observed with a Hitachi S-4800 field
emission scanning electron microscope.

2.3. Point of zero charge

The points of zero charge (PZC) of the samples
were determined by the pH drift method [23]. A series
of solutions of 0.01 mol/L NaCl had been boiled to
remove dissolved CO, and then cooled to room tem-
perature. Their pH values were adjusted to values
between 1 and 10 using 0.1 mol/L HCl or 0.1 mol/L
NaOH (recorded as initial pH). Then, the samples
were immersed in each solution and the drift in the
pH after 48 h (measured as final pH) was recorded.
Since the sample in a solution (with a particular pH)
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induces a drift in the pH toward the PZC, the pH
value that did not drift after the addition of the
sample was taken as the PZC. All measurements were
carried out in triplicates.

2.4. Adsorption experiments

The ion-imprinted polymer was dispersed in
500 mL Zn** solution at a pH value of 6.0. The weight
of ion-imprinted polymer was 0.5 g, except when the
amount of ion-imprinted polymer was considered. The
concentration of the Zn®* solution was 0.77 meq/L,
except when the concentration of the Zn** was consid-
ered. For kinetic studies, samples were withdrawn at
specific intervals at 25 + 1°C. For the isotherm studies,
50 mL suspension was shaken at 25°C for 360 min with
initial Zn®* concentration ranging from 0.077 to
1.23 meq/L. The procedure was repeated at 15, 35, and
45°C for thermodynamic studies. The dispersion was
conducted on a horizontal shaker. The separation of
IIP from the extracted metal solution was performed
with a centrifuge (Sigma) at 5,000 rpm for 5 min. The
residual Zn** concentration in the supernatant was
analyzed with atomic absorption spectroscopy.

To determine Zn>" uptake quality by the adsor-
bent, the equilibrium amount of the zinc adsorbed by
adsorbent, Q. (meq/g), was calculated using;:

(CO - Ce)v
m

Qe = (1)

where Cp and C. are the initial and equilibrium
concentrations of Zn?* ions in solution (meq/L),
respectively, V is the volume of the aqueous phase
(L), and m is the dry weight of the adsorbent (g).

The distribution coefficient (Kg), selectivity coeffi-
cient (K), and relative selectivity coefficient (K') were
calculated according to the following equations:

(Co—C)V

Ky = 2
d mC. 2
K
K — —d@n(in)) A3)
Kaom
KA
K =m 4
Kn()n ( )

where Kgznan) is the distribution coefficient of the
template metal ion Zn** and Kgqp is the distribution
coefficient of the competing metal ions. Kiy, and Kyon
are the selectivity coefficients of the Zn** ion-imprinted
polymer and the non-imprinted polymer, respectively.
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K’ represents the difference in the metal adsorption
affinity recognition of sites to the imprinted Zn** ions
between them; the larger the K’, the stronger the
imprinted effect.

2.5. Desorption and reusability experiments

After the Zn®* was adsorbed by the ion-imprinted
polymer, the ion-imprinted polymer was treated with
50 mL of 1.0 mol/L HNO; at 50°C in a water bath for
12.0 h. The Zn** was leached from the adsorbent.
Then, the concentration of Zn>* in the solution was
determined. Desorption ratio (Ry) was calculated from
the following equation:

_

Ry, =
‘T Q.

%)

where Qg is the amount of ions desorbed to the
elution medium and Q. is the amount of ions
adsorbed onto the adsorbent. The ion-imprinted poly-
mer was washed with DDW after each cycle of
adsorption—desorption, then dried at 50°C and used in
the next cycle.

3. Results and discussion
3.1. Characterization

The N-H stretching and O-H stretching vibrations
can be characterized by the broad bands in the region
of 3,200-3,500 cm™! in Fig. 1(a), (b), (d), and (e), where
CTS showed a much broader band at 3,460 cm™!
(Fig. 1(b)) than those of 7Zn**-1IPs at 3,420 cm™ !
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Fig. 1. FTIR spectra of the raw reagents to synthesize the
Zn** ion-imprinted polymer (Zn**-IIPs): attapulgite (a),
CTS (b), and A-187 (c) as well as FTIR spectra of the Zn%*
ion-imprinted polymer (Zn**-IIPs) before (d) and after (e)
leaching coordinated Zn* ions.
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(Fig. 1(d) and (e)). This indicated a reduced number of
N-H and/or O-H, possibly due to the IIPs” synthesis
reaction from attapulgite, CTS, and A-187. Compared
with CTS (Fig. 1(b)), both the IIPs (Fig. 1(d) and (e))
had weakened N-H bending vibrations at 1,640 cm ™},
and had sharpened absorption bands of C-OH with
shifts from 1,090 to 1,105 cm™'. Those further sug-
gested that a number of O-H and N-H in CTS were
broken so that Zn** ions were coordinated with O and
N to form Zn** templates surrounded by CTS array.
By contrasting the Zn®*-IIPs before (Fig. 1(d)) and
after leaching (Fig. 1(e)), the latter had strengthened
O-H and N-H stretching vibrations (at 3,420 cmY),
maybe due to the breakages of Zn-N and Zn-O bonds
and the subsequent recoordination of H-N and H-O
bonds during the leaching process.

The double peaks at 2,840 cm ! and 2,940 cm ™! in
Fig. 1(b)-(e) could be assigned to the stretching vibra-
tions of methyl (-CHj3) and methylene(-CH,-), and
the small absorption bands around 1,465 cm™ ! were
also owing to the methyl and/or methylene deforma-
tion vibrations. However, those of the ZnZ'-IIPs
(Fig. 1(d) and (e)) were weakened, maybe because the
methyl was lost by A-187 connecting on the atta-
pulgites to form Si-O-Si. It also led the Si-O bands of
both Zn**-I[Ps around 1,040 cm™"' (Fig. 1(d) and (e))
were a little stronger than that of attapulgite
(Fig. 1(a)), and redshifted with reference to that of
A-187 (1,070 cm ™}, Fig. 1(c)). In addition, the band
assigned to naphthenic base at about 915 cm™' was
absent in those of Zn2'-IIPs, which inferred that the
silylating agent A-187 was bound to Zn-CTS accompa-
nied with ring opening. It would result in a desired
Si-O-Si network with a high degree of cross-linking.
Therefore, a condensation between the silanol groups
from hydrolysis of the siloxane rings and attapulgite
surface took place simultaneously.

The surface morphology of attapulgites with and
without Zn?*-IIPs was revealed by SEM images
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(Fig. 2). Attapulgites without Zn**-IIPs had acicular
surfaces with diameters of approximately 0.1 pm and
lengths of about 2 pm (Fig. 2(a)). However, after modi-
fication to produce Zn**-IIP, as shown in Fig. 2(b), the
surface of attapulgites was covered with cross-linked
polymer and became smoother and flatter. With TG
(thermogravimetric) analysis (Fig. 3), the attapulgites
weight gain between with and without Zn®*-TIPs
could be quantified in percentage. TG curve of the
attapulgites without Zn>*-IIPs showed three thermal
mass loss stages between 20 and 800°C. Stage (1) from
about 20 to 180°C was attributed to the loss of
absorbed water or interlayer water, which is the water
absorbed between the particles of attapulgite; stage (2)
from about 180 to 450°C was attributed to the loss of
water of hydration, which is the water present in the
hydrated compounds; and stage (3) from about 450 to
710°C was attributed to the loss of water of constitu-
tion, which is the water held by a unit of structure as
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Fig. 3. TG curves of pure attapulgites without Zn**-TIP and
attapulgites with Zn

*-IIP.

Fig. 2. SEM images: (a) pure attapulgites without Zn**-IIP and (b) attapulgites with Zn>*-TIP.
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b. attapulgite
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Fig. 4. XRD patterns of raw attapulgite and ion-imprinted
polymer.

an essential part of its constitution. In contrast, after
modification to form Zn**-IIP, two extra thermal mass
loss stages (marked as (a) and (b) in Fig. 3) emerged:
due to organic decomposition (stage (a): about 200 to
400°C) and due to the loss of -OH and -NH coordi-
nated with Zn** (stage (b): about 400 to 600°C). XRD
patterns (Fig. 4) showed the ion-imprinted polymer (a)
had almost the same crystalline feature with the raw
attapulgite (b). A slight shift could be found in
Fig. 4(a) compared with the pattern of raw attapulgite,
indicating the hybridization between CTS, A-187, and
attapulgite. From the obtained peak width of XRD
pattern, the particle sizes of ion-imprinted polymer
and raw attapulgite can be calculated by the Sherrer
formula:

Dyg = — 6)

where Dy, ;. ; is the crystal size at the vertical direction
of (h k1), Ais the wavelength of X-ray, 6 is the angle of
diffraction, g is the full-width half-maximum of the
diffraction peak, and the constant K =0.90. Accord-
ingly, the mean particle sizes of the attapulgite and
ion-imprinted polymer are evaluated as about 12.4
+ 0.2 and 12.1 + 0.4, respectively. Therefore, the modi-
fication of attapulgite neither changed the crystalline
structure nor affected the particle size significantly.

3.2. Optimum pH value

The initial pH value of solution is an important
parameter affecting the adsorption process, because it
affects the protonation of amino group on the IIP.
Under acidic conditions, H* ions were so active that
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Zn?* ions cannot successfully occupy the adsorption
sites on the IIP. However, with the increase in pH
value, the competition from H* decreases and Zn**
ions can be adsorbed on the IIP. In the present study,
adsorption ratio of adsorbent increased remarkably
with increasing pH values up to 7.0. The fraction of
Zn** adsorbed for low C, (0.3 meq/L) increased from
0 to unity as pH increased from 3 to 6 (Fig. 5). Only
about 75% of the Zn®* in the high C, (1.2 meq/L)
system was ever adsorbed; this occurred above pH 11.
This behavior illustrates the site-specific nature of
metal ions adsorption processes. At low Zn>* concen-
tration, the number of available sorption sites on the
IIP preferred by Zn** for geometrical, electrical, or
chemical reasons are in excess relative to the number
of dissolved Zn”* ions. Only at high Zn** concentra-
tions, the number of such sites is insufficient to adsorb
all available ions in solution and the pH edges become
less steep. Precipitation occurred due to the formation
of insoluble hydroxide forms of metal when the pH
value was higher than 8.0. Accordingly, the pH value
of 6.0 was chosen as the optimum condition for
further experiments.

The PZC of the samples was influenced by the
sites of the attapulgite surface and the functional
groups of the polymer coating. The samples under-
went hydroxylation in the presence of adsorbed water
molecules, forming two types of co-existing hydroxyl
groups: the basic-type and the acidic-type. Basic sites
accept protons whereas acidic sites donate protons,
yielding positively and negatively charged sites,
respectively. Thus, lower PZC were found for those
containing acid groups, such as Si-OH, and higher
values were found for the ones containing basics
groups, such as —NH,. After the leaching of Zn>* from
IIP, the imprinted cavities were formed, and the
cavities accepted protons. As showed in Table 1, the
PZC of IIP was lower than that of NIP.

100
_ /._’*_-p*—
£ 60- b~
T /
g 40+
[44] i
i 20 ——r—1
1 —=— 20 mglL
1 —s— 80 mgiL
0+ - e
0 2 4 6 8 10

Fig. 5. The influence of pH on the adsorption process at dif-
ferent initial concentration of Zn** (Cy): (a) Co = 0.3 meq/L
and (b) Cp = 1.2 meq/L.
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Table 1
The PZC values of the investigated IIP and NIP
1P NIP
PzZC 2.6 3.8

3.3. Adsorption kinetics

Before studying the adsorption kinetics, the resid-
ual Zn®* content of the IIP after leaching was deter-
mined to be 0.0026 meq/g. Fig. 6(a) showed the time
dependence curves of the adsorption amount of Zn**

@) 4o
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o —— 288K
10 4 —— 298K
—— 308K
[ ——318K
0 : . .
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Time(min)
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% 99 —— 318K
E
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R,=0.978
-7.0-
g.
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-8.0 . r T
0.0031 0.0032 0.0033 0.0034 0.0035

1T(K")

Fig. 6. (a) The adsorption kinetic curves of the adsorption
amount of Zn®* on the ion-imprinted polymer (IIP) at dif-
ferent temperatures, (b) the pseudo-second-order fitting of
the adsorption kinetic curves at different temperatures,
and (c) plot of In(ky) vs. 1/T (the points correspond to 288,
298, 308, and 318 K).
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on IIP at different temperature (288, 298, 308, and
318 K). The equilibrium adsorption amount increased
with temperature, indicating endothermic processes.
The experimental data were analyzed with two mod-
els, pseudo-first-order kinetic and pseudo-second-
order kinetic. The pseudo-first-order kinetic equation
is expressed as:

ln(Qc,l - Qt) =1nQ.1 — kit (7)

where k; is the equilibrium rate constant (1/min), Qe
and Q; are the amounts of Zn>* adsorbed at equilib-
rium and at time ¢ (meq/g), respectively. The pseudo-
second-order equation is expressed as:

t 1 t
0 kal, 0. ®
where k; is the equilibrium rate constant (g/meq min)
and Q. is the equilibrium adsorption amount (meq/g).
According to the fitted results in Table 2, the correlation
coefficients for the pseudo-first-order kinetic model
were very low, indicating a poor pseudo-first-order fit
to the experimental data. With an instead, the highly
ideal linear relationship between t/Q; and t on Fig. 6(b)
indicated the high correlation coefficients by the
pseudo-second-order fitting according to Eq. (8). Hence,
the pseudo-second-order kinetic model provided a
good correlation for the adsorption of Zn** onto ion-im-
printed polymer in contrast to the pseudo-first-order
model.

The activation energy can be considered as the
minimum kinetic energy required for a given reaction
to take place. Fig. 6(c) shows the temperature depen-
dence of Zn** sorption by the adsorbent, from which
the activation energy could be calculated according to
Arrhenius equation:

Eq
lnkzz—ﬁ-i‘lnAo (9)

where k;, is the pseudo-second-order equation rate
constant (g/meq min), R is the perfect gas constant
(8.314 J/mol K), and Ay is the apparent frequency fac-
tor. Thus, the E, value of Zn>* adsorption on ITP was
evaluated as 23.8 k] /mol. It was lower than that of the
typical chemisorption barrier (usually >40 kJ/mol)
[24]. So, the sorption mechanism should be a physical
sorption, which was driven by van der Waals interac-
tion and weak electrostatic forces, and was accompa-
nied with ion exchange reactions. In the previous
relevant studies, cross-linked metal-imprinted chitosan
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Table 2
Kinetic parameters for the adsorption of the Zn** onto ion-imprinted polymer at different initial concentrations
Pseudo-first-order Pseudo-second-order
T (K) ki (1/min) Qe1 (meq/g) R? k, (g/meq min) Qe (meq/g) R?
288 492 x107° 0.407 0.9659 2.842 x 1072 0.534 0.9998
298 5.45 x 1072 0.391 0.9413 3.623 x 1072 0.572 0.9998
308 6.04 x 1072 0.356 0.9350 4.865 x 1072 0.590 0.9999
318 6.72 x 1072 0.293 0.8749 7.377 x 1072 0.614 0.9996
microparticle was prepared and its adsorption ability
for Zn** was 0.32 meq/g (Q., 298 K) [25]. In compar- (@) 50
ison, the adsorption ability for Zn** was 0.57 meq/g
(Qe, 298 K) in the present study, showing improved 40+
adsorption ability. This is because the cross-linked —_— 0_'
polymer network was formed on the surface of the 32 |
attapulgite, with surface cavities more accessible to E ]
Zn** ions during adsorption. o | o
10 e 200K
| —+—NIP 298K
3.4. Adsorption isotherm and the influence of adsorbent 0 : : : .
concentration (C,) 0 10 20 30 40 50 60
Fig. 7(a) shows the adsorption isotherm of Zn** on Ce(malL)
ion-imprinted polymer and non-imprinted polymer at (b) 18
different temperatures. The amount of adsorption 1.6 1
increased sharply with temperature over low concen- 1.4 4
trations, but at concentrations higher than 0.3 meq/L, 12
it reached a plateau as the adsorption approached sat- 5 191
uration. At 298 K, the maximum static adsorption E,} 0.8 1
capacities of IIP and NIP were 0.665 and 0.446 meq/g, o gi
respectively. The high adsorption (0.446 meq/g) of 0:23]
NIP was due to the -NH and -OH groups on NIP, 0.0]
but NIP did not selectively adsorb Zn®*. In compar- y y v T T
. . . o . . 0 10 20 30 40 50
ison, IIP had adequate imprinted cavities with high C (mall)

affinity to 7Zn?*,
selectivity to Zn*".

The adsorption data could be fitted by the linear
form of Freundlich adsorption model:

so display higher adsorption

In Q. = In Kg +% In C, (10)

where Q. is the equilibrium concentration of Zn** on
adsorbent (meq/g), Ce. is the equilibrium concentration
of Zn** in solution (meq/L), and Kg and n are the
Freundlich constants (meq/g) related to adsorption
capacity and adsorption intensity, respectively.
However, the result of the linear fitting had low coeffi-
cients of determination (R%?<0.95, see the left of
Table 3). So another model, Langmuir model, was
chosen to study the adsorption isotherm at different
temperatures. The linear form of Langmuir models is:

Fig. 7. (a) Adsorption isotherm of Zn** on ion-imprinted
polymer and non-imprinted polymer at different tempera-
tures and (b) the dependence curve of C./Q. on C. of
Zn** on ion-imprinted polymer at different temperatures.
It yields the linear Langmuir adsorption model with high
coefficients of determination (RZ>0.99, see the right of
Table 3).

Ce 1 Ce

= +
Qe Qmax X KL Qmax

(11)

where Quay is the maximum amount of Zn** adsorption
(meq/g) and Kj, is the Langmuir adsorption constant
(L/meq). According to the linear fit between C./Q. and
C. (Fig. 7(b)), the Langmuir model was found to be
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Table 3

T. Yu et al. | Desalination and Water Treatment 57 (2016) 15455-15466

Adsorption isotherm parameters for the adsorption of the Zn>* onto ion-imprinted polymer at different temperatures

Freundlich model

Langmuir model

T (K) n Kg (meq/g) R? Qumax (meq/g) Kp (L/meq) R? Ry

288 1.933 0.686 0.930 0.536 9.00 0.9982 0.591
298 1.931 0.946 0.946 0.665 10.93 0.9998 0.543
308 2.050 1.138 0.942 0.715 16.97 0.9993 0.433
318 2.657 1.193 0.908 0.722 47.74 0.9993 0.214

more suitable than the Freundlich model, and had
higher coefficients of determination (R? > 0.99, see the
right of Table 3). The maximum amounts of Zn**
adsorption were calculated as 0.536, 0.665, 0.715, and
0.722 meq/g at 288, 298, 308, and 318 K, respectively. A
constant called equilibrium parameter (R;) was also
used to characterize the Langmuir isotherm:

1

Ri=
L 1+COXKL

(12)

where C, is the initial concentration of Zn?** in solu-
tion (meq/L). Thus, the effectiveness of an adsorption
process can be quantified by Ri: unfavorable (R > 1),
linear (R =1), favorable (Ry <1), and irreversible
(R =0) [26]. The value of R. was in the range of
0.214-0.591 (Table 3), indicating that the prepared ion-
imprinted polymer was a favorable adsorbent to Zn**.

[£) QY

Fig. 8. Influence of adsorbent concentration (C,) on Zn**
adsorption isotherm at temperatures: (a) 298 and (b) 318 K.

The isotherms for Zn>* sorption on ion-imprinted
polymer in these systems was also strongly influenced
by adsorbent concentration (C,). In Fig. 8, the quantity
of Zn®* adsorbed by per unit mass IIP (log Q.) was
plotted as functions of both the equilibrium Zn** con-
centration (log C.) and the IIP concentration (log C,) at
298 K (Fig. 8(a)) and 318 K (Fig. 8(b)), respectively.
The plotted surfaces were generated by Kriging model
for interpolation between experimental data points.
The slope of isotherms increased with increasing C,;
i.e. at higher C, and lower C,, unit sorption of Zn*" by
IIP decreased. For higher concentrations of Zn2+, any
apparent C, effect was less pronounced. Note that the
results presented indicated a strong C, effect over the
lower range of 7Zn* concentrations examined, but
apparent C, effect was expected to diminish at higher
Zn** concentrations. Such diminishing trend at 318 K
(Fig. 8(b)) was obviously faster than that at 298 K
(Fig. 8(a)).

The phenomena may be interpreted in terms of the
site-specific nature of the sorption of metals. Here,
Zn>* jons are coordinated with the reactive groups
(O-H or N-H) of imprinted cavities on the IIP surface.
For high IIP concentrations (C,), an excess of
imprinted cavities are available to Zn** ions, resulting
in the dramatic increase in Q. with increasing Ce.
Conversly, at lower IIP concentrations (C,), Q. is less
influenced by C. because no extra imprinted cavities
are available to Zn?" ions. With an inverse trend, at a
high level of the equilibrium Zn** concentration (C.)
level with increasing C,, only a very small amount of
Zn>* should be excessively added to keep the high
level of C,, as extra active imprinted cavities hardly
exist at high C. and the newly formed active
imprinted cavities would be occupied immediately
with a cost of slightly decreasing in the quantity of
Zn>*. Inversely, at a low level of the equilibrium Zn**
concentration (C,) level with increasing C,, a relatively
large amount of Zn** should be excessively added to
keep the level of C,, since there are much more extra
active imprinted cavities on IIPs and much more
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Fig. 9. Plots of In K vs. 1/T for the Zn>* adsorption on
ion-imprinted polymer.

active imprinted cavities should be occupied to keep
the system equilibrium. It requires a great amount of
Zn** to result in a dramatic increase of Q..

3.5. Thermodynamic study

The feasibility of the adsorption process was deter-
mined by the thermodynamic parameters including
Gibbs free energy change (AG®), enthalpy (AH®), and
entropy (AS®). Firstly, the equilibrium adsorption con-
stant at various temperatures, Kp, was calculated with
Eq. (13):

-2

C. (13)

Table 4
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Then, based on van’t Hoff plot (Fig. 9), the thermo-
dynamic parameters of AH® and AS® were obtained as
the slope and intercept of the linear variation of In Kp
vs. 1/T, respectively, according to Eq. (14):

AS®  AH®

In Kp = =2
A =" T RT

(14)

where R is the ideal gas constant (8.314 J/mol K) and
T is the absolute temperature (K). Finally, the free
energy change AG® (kJ/mol) of adsorption can be
calculated by Eq. (15):
AG® = AH® — TAS° (15)

Table 4 summarizes the values of AG®, AH®, and
AS° for the adsorption of Zn>* on adsorbent at differ-
ent temperatures. The adsorption standard enthalpy
change (AH") was positive for all cases, indicating that
the adsorption is an endothermic process. The positive
value of AS° suggested the increased randomness at
the solid/liquid interface during the adsorption of
Zn>* on adsorbent. The negative values of AG" in the
temperature range of 288-318 K indicated that the
adsorption process was feasible and spontaneous.
Furthermore, the decrease in the value of AG° with ris-
ing temperature indicated that the adsorption was
more favorable at higher temperatures. This was also

Thermodynamic parameters calculated from the sorption data of Zn** on ion-imprinted polymer

AG”® (K] /mol)

AH" (kJ/mol) AS° (J/mol K) 288 K 298 K 308 K 318 K
30.862 108.664 —-0.433 -1.520 -2.607 -3.693
Table 5
Adsorption selectivity of Zn>* ion-imprinted polymer and non-ion-imprinted polymer

7Zn%* ion-imprinted polymer Non ion-imprinted polymer
Ions Co (meq/L) Ce (meq/L) Ky K Ce (meq/L) Ky K K
Zn%* 0.31 0.024 11.74 0.148 1.07
Ccd* 0.18 0.086 1.08 10.87 0.085 1.09 0.98 11.07
Cs* 0.15 0.070 1.16 10.12 0.077 0.95 1.13 8.99
Co** 0.34 0.214 0.58 20.24 0.190 0.78 1.37 14.76
Ba%* 0.15 0.076 0.92 12.76 0.092 0.59 1.81 7.04
Sr?t 0.23 0.153 0.48 24.46 0.117 0.94 1.14 21.49
Pb** 0.10 0.035 1.74 6.75 0.045 1.13 0.95 7.13
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confirmed by the positive AH’ value, indicating higher
temperature was in favor of the adsorption process.

3.6. Selectivity of the Zn** ion-imprinted polymer

The selectivity of both the Zn** ion-imprinted
polymer and the non-imprinted polymer were investi-
gated by competitive adsorption of Cd**, Cs*, Co*",
Ba?*, Sr**, and Pb** from a mixture. A total of 0.5 g
Zn** ion-imprinted polymer or non-ion-imprinted
polymer was equilibrated at pH of 6.0 and 25°C for
5h with 500 mL of a mixture solution comprising
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Fig. 10. Reusability of Zn** ion-imprinted polymer
(adsorption: 0.05g of the Zn** jon-imprinted polymer
uptake 50 mL of 0.77 meq/L Zn>* for 5h, desorption:
50 mL of 1.0 mol/L HNOj; at 50°C water bath for 12 h).
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0.31 meq/L Zn**, 0.18 meq/L Cd**, 0.15 meq/L Cs*,
0.34 meq/L Co**, 0.15 meq/L Ba**, 0.23 meq/L Sr**,
and 0.10 meq/L Pb**. The selectivity coefficients (K),
distribution coefficients (Ky), and relative selectivity
coefficients (K’) are given in Table 5.

The ion-imprinting effect was clearly observed as
the Zn®" ion-imprinted polymer had a higher adsorp-
tion efficiency of Zn®* than of any other metal ions.
This indicated that the Zn®* ion-imprinted polymer
had the capability of recognizing Zn** with higher
affinity and selectivity. Moreover, the relative selectiv-
ity coefficients (K’') being higher than 7 indicated that
Zn>* ions can be adsorbed more selectively than other
ions, such as Cd?*, Cs*, Co?*, Ba®*, Sr**, and Pb*".

3.7. Desorption and reusability

Following the adsorption of the Zn>" ions, the des-
orption behavior was studied by eluting the Zn** ions
with 50 mL of 1.0 mol/L HNO; in water bath at 50°C
for 12.0 h. The desorption ratio was determined to be
as high as 97.8%, according to Eq. (5). After 6 cycles of
adsorption—desorption, the remaining adsorption
capacity was still as high as approximately 82.3% of
the maximum value (see Fig. 10). This demonstrated
that the ion-imprinted polymer can be reused many
times without significant degradation in its adsorption
capacity.
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Fig. 11. Imprinting mechanism of the Zn** ion-imprinted polymer.
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3.8. The imprinting mechanism

As shown in Fig. 11, the imprinting mechanism of
the Zn** ion-imprinted polymer can be described as
the following process in light of the literatures [27,28].
Firstly, by breaking O-H or N-H, the template Zn**
was coordinated to the functional groups of CTS to
form a complex of the CTS-Zn>'. Secondly, addition
of attapulgite and A-187 to the complex triggered the
following reactions: silanol groups of A-187 were
grafted onto the surface of attapulgite through the
acid-catalyzed self-hydrolysis, and the epoxy groups
of A-187 were broken to connect with the Zn**-coordi-
nated CTS. Thirdly, the products polymerized to form
a cross-linked polymer network on the surface of the
attapulgite. Finally, Zn** ions were leached out from
the organic-inorganic hybrid polymer to form
imprinted cavities, resulting in a selective key-lock
relationship between the cavities and the template
Zn**. Consequently, the ion-imprinted polymer had
the capability of recognizing and adsorbing Zn** with
high affinity and selectivity.

4. Conclusions

A new type of Zn®* ion-imprinted polymer
(Zn**-1IP) was synthesized on the surface of atta-
pulgite, displaying high affinity and selectivity for
Zn®". The adsorption isotherm study showed that the
Zn**-IIP was a favorable adsorbent for Zn**
(0.214 < Ry, < 0.591). The dynamical study showed that
the adsorption of the Zn**-IIP closely followed the
pseudo-second-order kinetics equation, with the
activation energy, E,=23.8kJ/mol, the decreasing
negative AG”° values with rising temperatures, and the
positive AH® and AS® values. It revealed that the
adsorption was thermodynamically spontaneous
favored at high temperature. After 6 adsorption—des-
orption cycles, the remaining adsorption capacity of
Zn**-TIP was kept as high as approximately 82.3% of
the maximum, demonstrating that the Zn**-IIP can be
reused for many times. So the synthesized Zn>'-IIP
proved to be a highly promising candidate for
wastewater treatment due to its high selectivity to
Zn** ions and multiple-time reusability with high
remaining adsorption capacity.
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