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ABSTRACT

A novel adsorbent ion-imprinted polymer-silica clay (IIP@SC) was prepared via surface ion
imprinting technology by using silica clay (SC) as the support matrix and methacrylic acid as
the ionic imprinting monomer. The adsorbent was characterized by Fourier-transform infrared
spectroscopy, scanning electron microscopy, transmission electron microscopy, and X-ray diffrac-
tion. The prepared IIP@SC was applied for recovery of Cr(IIl) ions from aqueous solution. The
selectivity properties of IIP@SC are evaluated. The results showed that the maximum adsorption
capacity reached 157.98 mg/g in 30 min when the initial concentration of metal ions was 100 mg/L
at pH 6.0. Adsorption kinetic and adsorption equilibrium studies demonstrated that the experi-
mental data fitted well with the pseudo-second-order model and the Langmuir isotherm model.
Competitive adsorption study showed that the prepared IIP@SC exhibits an efficient selec-
tivity for Cr(Ill) ions.The prepared IIP@SC adsorbent can be a promising adsorbents for Cr(III)

recovery from aqueous solutions with high selectivity.
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1. Introduction

Heavy metal ions pollution in wastewater with is one of
the most serious environment issues in modern society. The
toxic metal ions can be enriched by organisms along the food
chain, accumulate in human body and lead to chronic poi-
soning [1,2]. Chromium ions pollution are widely occurred
in mining, electroplating, metal finishing, leather tanning,
coatings and pigments [3-5]. Tanning process is an essential
process to convert animal hides and skins into leather and
to impart the leather with its unique characteristics. Chrome
tanning agents are world widely used in tanning process
so far [5-7]. However, only 70%-80% of chromium(III)
(Cr(IIl)) tanning agents are fixed with the hide proteins in

* Corresponding author.
* Both the authors contributed equally to this work.

the traditional chrome tanning process, the effluent dis-
charged after chrome tanning are of a huge concentration
of Cr(Ill) ions [6,7]. Therefore the removal of Cr(Ill) ions
from industrial wastewater is of great concern. Methods
developed for removal of heavy metal ions from wastewa-
ter include ion exchange, biological operation, chemical
precipitation, sedimentation, and adsorption [8-12]. Among
them, adsorption is an effective method to remove Cr(III)
ions due to its easy operation, low cost, good reusability,
and excellent recovery efficiency. In order to solve the Cr(III)
ions pollution in industrial wastewater, the development
of Cr(Ill) adsorbents with high adsorption capacity and
excellent selectivity is still important.
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Surface ion-imprinting technology has been applied as
an effective way for solving the pollutions of heavy metal
ions [13-15]. Many porous materials are commonly used
as the support matrix, on which the imprinting polymer
layer can be formed. The surface ion imprinted adsor-
bents not only can realize selectivity separation of heavy
metal ions from wastewater, but also solves the innate
limitations of traditional ion-imprinted polymer (IIP)
such as heterogeneous distribution of the binding sites,
incomplete template removal, and slow mass transfer for
the target ions [16,17]. Therefore the surface structure of
support matrix plays an important role in the adsorption
capacity of IIP. Mesoporous materials have been paid
attention a lot in recent years due to their unique charac-
teristics such as adjustable pore size, large specific surface
area, and high thermal stability [18-20].

Silica clay (SC) is a kind of mesoporous material consists
of Si0,, AL O, and Fe,O, [21]. It is found that SC has unique
properties including high porosity, large specific surface
area, low economic cost and easy modification. Herein, SC
was used as the carrier, on which carboxyl groups was ion
imprinted to prepare IIP@SC for recovery of Cr(IIl) ions
from aqueous. The adsorption study focused on the effect
of operation parameters and the adsorption processes with
various competing metal ions.

2. Materials and method
2.1. Materials

SC, chromic nitrate (Cr(NO,),), and methyl methacrylate
(MAA) were purchased from Kelong Chemicals (Chengdu,
China). Ethylene glycol dimethacrylate (EGDMA) and
2,2’-azobisisobutyronitrile (AIBN) were purchased from
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Aladdin (Shanghai, China). Chromium(IIl) standard solu-
tion at 1.000 g/L was purchased from National Analysis
and Testing Center (Beijing, China). All other reagents
were analytical grade and used as received without further
purification. The stock solution of Cr(III) (1,000 mg/L) was
prepared by dissolving appropriate amount of Cr(NO,), in
deionized water (18.2 MQ).

2.2. Synthesis of IIP@SC

The surface ion imprinting onto SC was synthesized
through radical-induced polymerization in combination
with in-situ co-precipitation method. Briefly, 1.0 mmol of
Cr(NO,), and 8.0 mmol of MAA were dissolved in 45 mL of
methanol/acetonitrile (2:1,v/v) in a 150 mL of flask by stir-
ring at room temperature for 30 min to form the complex
of Cr(Il[)-MAA. Then, 2.0 g of SC, 4.0 mL of EGDMA and
0.1 g AIBN were added into the flask and the mixture was
stirred at 70°C for 24 h in N, atmosphere to form Cr(III)
ion-imprinted polymers onto SC (Cr(IIl)-IIP@SC). After
that the mixture was filtered out and washed thoroughly
with ethanol. 4.0 mol/L of HNO, was used for eluting the
imprinted Cr(IIl) ions. Then the solids were desiccated at
65°C to constant weight and designed as IIP@SC. As a con-
trol, a non-imprinted adsorbent was prepared in the same
way mentioned above but without the addition of Cr(III)
ions and designed as NIP@SC. The synthesis process is
illustrated in Fig. 1.

2.3. Characterization

Fourier-transform infrared spectroscopy (FI-IR) were
recorded by a Nicolet i510 FT-IR spectrometer (Thermo
Fisher Scientific, USA) by KBr pellet method in the range

Elution

—
HNO,

4 mol/L

AIBN: 2,2’-azobisisobutyronitrile

EGDMA: ethylene glycol dimethyl acrylate

Fig. 1. Schematic of the synthesis procedures of Cr(III)-IIP@SC.
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of 4,000~400 cm™ with 2 cm™ of resolution. Surface mor-
phology was observed with a JSM 7500F scanning elec-
tron microscopy (SEM) (JEOL, Japan) and a FEI Tecnai G2
F20 S-TWIN transmission electron microscopy (TEM) (FEI,
USA). The elemental compositions of the samples were mea-
sured by an INCA X-Max50 energy-dispersive X-ray spec-
troscopy (Oxford Instruments, UK). Crystal structure were
characterized by an Empyrean X-ray diffraction analyzer
(XRD) (Panax, Netherlands), using Cu Ko as the ray source
(A =1.54059 A), and the scanning range was 5°-90°. The zeta
potential of the samples was detected by a Zetasizer Nano
ZSP (Malvern, UK), and the pH of the suspension (1.0 mg/
mL) was adjusted with sodium hydroxide or hydrochloric
acid solution.

2.4. Batch adsorption experiments

The batch experiments of IIP@SC adsorption of Cr(III)
ions were investigated in a serious of 50 mL polyethylene
tubes. Briefly, certain amount (5-80 mg) of the prepared
adsorbent and 30 mL solution of varying concentration
of Cr(IIl) ions (20-600 mg/L) were added into the tube.
The pH (2.0-6.0) of Cr(Ill) ion solutions, the contact time
(5-200 min), at 25°C were investigated. The pH of the solu-
tion was adjusted to a desired value by 0.1 mol/L of HCI
or NaOH. The concentration of Cr(Ill) ions before and
after adsorption was measured by a 2,300 DV inductively
coupled plasma-optical emission spectrometry (ICP-OES)
(PerkinElmer, USA). All the adsorption experiments were
performed three times. The adsorption capacity g, (mg/g)
and the percentage adsorption efficiency (R%) were
calculated by Egs. (1) and (2):
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where C, (mg/L) and C, (mg/L) are the initial and equilib-
rium concentrations of the metal ions, respectively; V (L) is
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the volume of the testing solution and m (g) is the weight
of adsorbent.

2.5. Competing adsorption

To evaluate the adsorption selectivity of IIP@SC to
Cr(III) ions with coexisting ions, competitive adsorptions of
Cr(III)/Cr(VI) and Cr(Ill)/Pb(Il) were investigated, respec-
tively. 30 mg of the adsorbent with 30 mL of the solution
containing 100 mg/L of each kind of metal ions was stirred
at pH 6.0 and 25°C for 120 min. After adsorption, the con-
centration of metal ions before and after adsorption was
determined by ICP-OES. The distribution ratio (K, L/g),
selectivity coefficient K and the relative selectivity coeffi-
cient K’ were calculated by Egs. (3)-(5) [22]:
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k=G C) v )
C, m
K
d(Cr(1m))
KCr(III)/M = m 4)
K
K = Cr(II)-1IP-SC G)
Kyap-sc

Herein, the concentration of Cr(VI) ions in Cr(III)/Cr(VT)
solution was determined using a diphenylcarbazide spec-
trophotometry assay [23].

3. Results and discussion
3.1. Characteristic

The FT-IR spectrum of SC showed peaks at 3,424; 1,630;
1,011 and 792 cm™, among which, 3,424 and 1,630 cm™
are the stretching vibration and the bending vibration of
hydroxyl group, while 1,011 and 792 cm™ are the stretch-
ing vibration of Si-O-5i [24] (Fig. 2A). In comparison with
the SC, the appearance of peaks at 2,972; 1,735; 1,386; 1,465
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Fig. 2. (A) FT-IR spectra. a: SC; b: Cr(IIl)-IIP@SC; c: IIP@SC; d: NIP@SC and (B) XRD spectra. a: SC; b: Cr(III)-IIP@SC;

c: [IP@SC; d: NIP@SC.
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and 1,253 cm™ indicated the formation of imprinted clay.
Among them, the peak at 2,972 cm™ could be assigned
to C-H stretching vibration, while 1,386 and 1,465 cm™
could be assigned to C-H bending vibration, the peak at
1,735 cm™ is the stretching vibration of C=O and the peak
at 1,253 cm™ is assigned to the symmetrical stretching vibra-
tion of C-O-C, which belong to EGDMA and MAA [25].
The results illustrate that IIP@SC has been successfully
prepared.

The XRD profiles of SC, Cr(III)-IIP@SC, IIP@SC and NIP@
SC are shown in Fig. 2B. Silica clays are mainly composed
of kaolinite, low temperature quartz (a-SiO,) and Muscovite
[26,27]. The formed ion-imprinted polymers are coated
onto the surface, which did not change the crystal structure
of SC but lead the reduction of intensity of sharp charac-
teristic diffraction peak ranging from 15° to 40° (Fig. 2B).

15.0kV x5.00k SE
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Fig. 3 shows the SEM images of SC, [IP@SC and NIP@
SC. It can be observed that SC is mainly composed of gran-
ular low-temperature quartz and tabular kaolin (Fig. 3e),
which is consistent with the previous report [28]. After
imprinting polymerization, the surface morphology of IIP@
SC maintains porous structure (Fig. 3a) and the ion-im-
printed layers formed on SC could be observed on the
TEM images (Fig. S1). The particles of IIP@SC and NIP@
SC show irregular and multi-deformed, and the size of
ITP@SC (45-58 nm) are more uniform than that of NIP@SC
(60-96 nm) (Fig. 3b and d).

The energy-dispersive X-ray spectroscopy analysis
shows the composition of [IP@SC before and after elution
of Cr(Ill) ions. The elemental composition of Cr in Cr(III)-
ITP@SC is 1.30% (Fig. 4a), indicating that chromium ions
has been successfully bound with the imprinted polymer.

Fig. 3. SEM images. (a) IIP@SC (x5,000), (b) IP@SC (x50,000), (c) NIP@SC (x5,000), (d) NIP@SC (x50,000), and (e) SC (x5,000).
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The Cr(Ill) ions could be almost completely eluted by
4.0 mol/L of HNO, (Fig. 4b).

3.2. Adsorption performance
3.2.1. Effect of adsorbent dosage and the initial pH

The effects of adsorbent dosage toward Cr(Ill) ions
were performed at pH 6.0 and 25°C for 120 min by vary-
ing the adsorbent dosage from 5 mg to 80 mg (Fig. 5). The
sorption efficiency increases quickly with the increase of
IIP@SC dose, and reaches equilibrium at 50 mg. The effects
of the initial pH on the adsorption of Cr(Ill) ions by IIP@
SC were performed in 50 mL polyethylene tubes contain-
ing 30 mL of 100 mg/L Cr(III) ions solutions with 30 mg of
adsorbent at 25°C for 120 min by varying the initial pH of
the solution from 2.0 to 6.0 (Fig. 6a). The results showed
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that the adsorption capacity of IIP@SC is higher than NIP@
SC at the same initial pH. The adsorption capacity of IIP@
SC increased from 7.82 to 65.57 mg/g with the increase of
solution pH from 2.0 to 6.0, and the maximum adsorption
capacity of Cr(III) ions for both IIP@SC and NIP@SC was at
pH 6.0. Fig. 6b shows that the point of zero charge for NIP@
SC and IIP@SC is at about 1.8 and 3.0, respectively, indi-
cating that the negatively-charged surface of both adsor-
bents is above 3.0. Different ionic species of Cr(IIl) will be
existed in aqueous solutions while the pH value shifting
[29]. With the increase of pH, Cr(III) ions exist in the forms
of more positive charges, such as Cr*, Cr(OH)*, Cr,(OH)3",
Cr(OH)*, Cr(OH)* and Cr,(OH)J", therefore, the nega-
tively-charged IIP@SC and NIP@SC are more favorable to
combine with the positively charged Cr(III) ions in solution
[30]. Furthermore, the positive Cr(Il) ions are more likely
combined with carboxyl groups on the adsorbents due
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Fig. 4. Energy-dispersive X-ray spectroscopy images. (a) Cr(III)-IIP@SC and (b) IIP@SC.
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to the electrostatic attraction. Moreover, a lower adsorp-
tion efficiencies of Cr(Ill) ion at a lower pH values might
due to the presence of protons (H'), which can compete
with Cr(IlI) ions for occupying with the carboxyl groups
[31]. While the pH value is over 6.5, Cr(OH), precipitation
appears.

3.2.2. Adsorption kinetics

The effect of the contact time on IIP@SC adsorbing of
Cr(IIl) ions was investigated by varying the contact time
from 5 to 200 min. All experiments were performed at pH
6.0 and 25°C with 30 mg of adsorbent (Fig. 7). It showed
that the adsorption reached the equilibrium within 30 min
and the maximum adsorption capacity was 62.83 mg/g. It
also can be seen that the adsorption amount of IIP@SC was
higher than that of NIP@SC, revealing that IIP@SC h ad a
stronger affinity to Cr(III) ions than NIP@SC.
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Fig. 5. Effect of adsorbent dosage on the adsorption (Cr(III) ion
concentration = 100 mg/L, V =30 mL, ¢ = 120 min, T =25°C).
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To investigate the mechanism of adsorption kinetics, the
pseudo-first-order [Eq. (6)] and the pseudo-second-order
[Eq. (7)] kinetic models are applied to fit the experimental
data [32].
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where q, (mg/g) and g, (mg/g) are the adsorption capaci-
ties at equilibrium and at an arbitrary time ¢ (h), respec-
tively; k, (1/min) and k, (mg/g min) are the adsorption
rate constants related to pseudo-first-order equation and
pseudo-second-order equation, respectively. The fitting
curves are shown in Fig. S2 and the kinetic parameters are
listed in Table 1. The adsorption data fitted well with the
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Fig. 7. Effect of contact time on adsorption. (Cr(III) ion concentra-
tion =100 mg/L, pH = 6.0, T =25°C).
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Table 1
Kinetic parameters

Sample Pseudo-first-order

Pseudo-second-order

q, (mg/g) k, (min™") R?

q. (mg/g) k, (mg/g min) R?

[IP@SC
NIP@SC

83.93+1.18
56.83 +2.52

0.17 £ 0.02
0.19 +0.02

0.9611
0.9753

75.82+0.75
46.99 + (.82

(1.31+0.15) x 10 0.9797
(2.13£0.22) x 10 0.9960

pseudo-second-order model, with the correlation coeffi-
cient R? of 0.9797. The results suggest that the adsorption
of Cr(Ill) ions on IIP@SC is mainly a chemical coordination
process.

3.2.3. Adsorption isotherm

The effect of the initial concentration of Cr(Ill) ions
was investigated by varying the concentration from 20
to 600 mg/L. All experiments were performed at pH 6.0
and 25°C for 30 min with 30 mg of adsorbent (Fig. 8). The
adsorption capacity increased fast with the enhancement
of concentrations of Cr(Ill) ions and it enhanced slowly
when the concentration reached 200 mg/L. This may due
to the higher ion concentration, the greater the probability
of the active site being occupied. It is worth noting that the
adsorption capacity of IIP@SC was much higher than that
of NIP@SC, indicating more binding sites on IIP@SC.

The isothermal adsorption data were evaluated with
the Langmuir [Eq. (8)] and Freundlich [Eq. (9)] equations
[33,34]. The fitting results are shown in Fig. S3 and Table 2.

c, C 1

ooy ®)
9. 4. Ka,
Ing, =InK, + ¢ ©)

where C, (mg/g) is the equilibrium concentration of Cr(III)
ions, g, (mg/g) is the maximum adsorption quantity, K;
(L/mg) is the Langmuir constant. K, (mg/g) is a constant
related to the adsorption capacity of the adsorbent and
1/n is a parameter indicating sorption intensity.

It shows that the experimental data of both adsor-
bents are fitted well with Langmuir isotherm model,
with the correlation coefficient (R?) at 0.9919 (IIP@SC)
and 0.9936 (NIP@SC), respectively. Meanwhile, g of IIP@
SC calculated by the Langmuir isotherm equation was
157.98 mg/g, which was more similar to the experimental
value (137.82 mg/g). Moreover, the Langmuir adsorption
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Fig. 8. Effect of the initial concentration of Cr(III) ions on adsorp-
tion. (pH = 6.0, t =30 min, T =25°C).

capacity of IIP@SC (157.98 mg/g) was much higher than
that of NIP@SC (102.14 mg/g). The results illustrate that
the adsorption of Cr(Ill) ions by IIP@SC was a monolayer
uniform adsorption mode and the ion imprinting process
can significantly increase the adsorption capacity [35].

3.3. Adsorption selectivity

The adsorption selectivity of [IP@SC to Cr(III) ions were
investigated by using 30 mg of the adsorbent with 30 mL
of the solution containing 100 mg/L of Cr(IIl) ions and
coexisting ions at pH 6.0 and 25°C for 120 min. The rela-
tive selectivity coefficient K’ is an indicator to the selectiv-
ity performance for ion imprinting. The adsorption results
and the selectivity parameters were listed in Table 3. It is
showed that the adsorption capacity of Cr(Ill) ions on
IIP@SC is obviously higher than other ions, such as Cr(VI)
and Pb(I). It implies that the specific imprinted cavities
on IIP@SC particle plays an important role in adsorp-
tion of Cr(IIl) ions when competing with other ions. It can

Table 2
Parameters of the Langmuir and Freundlich models
Sample q, (mg/g) Langmuir Freundlich
q, (mg/g) K, (L/mg) R? K, (mg/g) 1/n R?
[IP@SC 137.82£1.21 157.98 +1.44 (1.50 £ 0.06) x 102 0.9919 724+0.78 0.51+0.02 0.9681
NIP@SC 81.82 £0.90 102.14 £ 1.08 (7.88 £0.25) x 10 0.9936 2.42 +0.47 0.59 +0.01 0.9716
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Table 3
K, K, K’ parameters for [IP@SC for competing adsorption
IP@SC NIP@SC
9.(mglg) K, (L/g) K 9.(mglg) K, (L/g) K K
Cr(IIT)/Cr(VI)  62.72+0.66  0.50 +0.04 745+£0.15 2455+120 0.15+0.04 1.51£0.08 4.95+0.16
3124024  (6.72+0.48) x 102 450+039  (9.97 +0.65) x 10
Cr(IIT)/Pb(II) 4831+1.06  0.85+0.07 3.76 £0.08 1220042  0.13+0.01 0.66 +0.05 5.69+0.28
16.58 +0.19  0.23+0.02 14.92 +0.61 0.20+0.01
from aqueous solution. IIP@SC showed good adsorption
capacity for Cr(III) when the solution pH was at 6.0 and the
100F adsorption temperature was 25°C. The adsorption processes
a followed the Langmuir model and the pseudo-second-or-
S b der model. The thermodynamic study indicated that the
z adsorption process was exothermic and spontaneous. The
5 prepared IIP@SC showed excellent adsorption selectivity
g oor of Cr(III) ions in solutions with co-existing ions.
%)
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Fig. 9. Reusability of IIP@SC for Cr(IIl) ions recovery. (Adsorp-
tion conditions: Cr(IIl) ion concentration = 100 mg/L, pH = 6.0,
T = 25°C; desorption conditions: 4.0 mol/L HNO,, V/m =5 mL/
mg, t =120 min, T =25°C).

be seen that the values of K" are 4.95 and 5.69 for Cr(III)/
Cr(VI) and Cr(III)/Pb(Il), respectively. All the values of K’
are much higher than 3, suggesting that IIP@SC exhibits
an excellent adsorption selectivity to Cr(III) ions [36].

3.4. Desorption and reusability study

IIP@SC showed poor adsorption performance for Cr(III)
ions at a lower pH range, implying that the adsorbed Cr(III)
ions might be desorbed by an acid medium. In this study,
the desorption of Cr(Ill) ions from IIP@SC was conducted
with 4.0 mol/L. HNO, solution. The degree of desorption
was found to be 98.6%. The reusability of the desorbed
IIP@SC was evaluated over five cycles of consecutive
adsorption—desorption process (Fig. 9). It was seen that the
adsorption capacity of IIP@SC was 64.56 mg/g for the first
time, remained 81% (51.20 mg/g) after five desorption—
adsorption process, indicating that IIP@SC has excellent
regeneration property and adsorption stability towards
Cr(III) ions.

4. Conclusions

In summary, we combined surface ionic imprinting
technology with the porous silica clay to prepare IIP@SC
with carboxyl groups for selective removal of Cr(Ill) ions
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Supplementary information

Fig. S1. TEM images. (a) Silica clay and (b) IIP@SC.
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Fig. S2. (a) Pseudo-first-order and (b) pseudo-second-order
model kinetic plots for Cr(III) adsorption onto IIP@SC and NIP@

SC. Conditions: pH =6.0, T =25°C, C; =100 mg/L.
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Fig. S3. Absorption isotherms: (a) IIP@SC and (b) NIP@SC.
Conditions: pH = 6.0, T =25°C, t = 30 min.
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