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ion imprinted functionalized
mesoporous silica for rapid and specific absorption
Cr(III) ions in effluents†

Shuibin Cen, a Weiming Li,c Rong He,d Jiean Tan,e Haishui Wang,*a Chaohai Weib

and Youwen Tang*e

We developed an effective and selective method to remove Cr(III) ions in acidic effluents. This method used

combined ion imprinted technology with mesoporous silica materials. Cr(III) ion imprinted mesoporous

silica (CrIMS) was synthesized and used as an excellent adsorbent. Iminodiacetic acid (IDA) was silanized,

and acted as a functional monomer. The chemical groups, thermal stability, porosity and highly ordered

morphology of CrIMS were characterized by Fourier transform infrared spectroscopy (FTIR),

thermogravimetric analysis (TGA), Brunauer–Emmett–Teller (BET) isotherms, X-ray diffraction (XRD),

transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The Brunauer–

Emmett–Teller (BET) surface area was 856.24 m2 g�1. The saturated adsorption capacity of CrIMS

towards Cr(III) ions reached up to 63 mg g�1 at pH 4.5. At a concentration of 200 mg L�1, the adsorption

of Cr(III) ions reached equilibrium within 5 min and 20 min at pH 4.5 and pH 3.0, respectively. The CrIMS

showed highly specific adsorption capacity and the imprinting factor was up to 4.03 at pH 3.0. The

adsorption capacity of Cr(III) ions was remarkably higher than other co-existing metal ions. After eight

adsorption–regeneration cycles, the adsorption efficiency of CrIMS still reached above 94.1%. The CrIMS

could effectively remove Cr(III) ions below the discharge standard of China in real sample treatment.
1. Introduction

Electroplated chromium coatings are widely used, thanks to
their excellent properties. The hexavalent Cr has been applied
for many years in traditional techniques. Because of the serious
toxicity of Cr(VI), Cr(III) has been applied as a substitute in more
environmentally friendly processes.1 Besides, chromium is
widely used in many other industries, such as wood preserva-
tion, leather tanning, textiles, metallurgy, and pigments.2

Chromium is easily converted to a serious pollutant and is
harmful to the environment during widespread use.3,4 Cr(III)
ions usually exist in effluents from many industries and exces-
sive emissions can also pollute the environment, although the
toxicity of Cr(III) ions is much lower. On the other hand, Cr(III)
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can transform to Cr(VI), resulting from the effects of pH,
oxidizing agent (O2) and so on.4 Thus, chromium continues to
enter food chain organisms, which may lead to carcinogenic,
allergenic and mutagenic effects.5,6 Therefore, it is necessary to
design a safe and clean procedure for the efficient removal of
Cr(III) ions from effluents.

Various methods and technologies to remove Cr(III) ions or
other metal ions from effluents to an acceptable concentration
level have been investigated, such as liquid–liquid extraction,7

ion-exchange,8 adsorption,9 chemical precipitation9 and elec-
trochemical reduction.10 However, the use of organic solvent is
inevitable during liquid–liquid extraction. Besides, the electro-
chemical reduction requires extra electrical energy. Among
these methods, adsorption has been regarded as the most
promising and widely used method due to its high efficiency,
simplicity, economy, and environmentally friendly behavior.
Activated carbons and low cost adsorbents, such as agricultural
residues11 and natural products12 can also act as adsorbents.
These adsorbents usually have low loading capacities and weak
interactions with metallic cations.13,14 Inorganic/organic hybrid
materials,15 chelating resin16 and carbon nanotubes17 have been
investigated as adsorbents used in the removal of Cr(III) ions
and other heavy ions from effluents. However, the designs of the
above adsorptionmaterials seldom consider the structure of the
target and the characteristics of effluents, such as acidity,
interfering components and initial metal concentration, and
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic procedure for synthesis of Cr3+ imprinted mesoporous silica. [GLYMO: (3-glycidyloxypropyl) trimethoxysilane, IDA:
iminodiacetic acid, P123: poly(ethylene glycol)-block-poly(-propylene glycol)-block-poly(ethylene glycol), TEOS: tetraethoxysilane, SDAs:
structure-directing agents].
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View Article Online
there are always some limitations in their practical applica-
tions.18 Therefore, searching for more effective adsorbents to
remove heavy metal ions requires a continuous effort for many
researchers.

Mesoporous materials possess the large internal surfaces,
which highly enhance the capacity of catalytic, absorptivity and
the speed of mass transfer. Mesoporous silica, one of typical
mesoporous materials, is a kind of an inexpensive and robust
porous silica-based solid. Since a new family of mesoporous
molecular sieves was prepared with liquid crystal templates in
1992,19 ordered mesoporous silica has attracted much concern
in different elds, due to their uniform pore sizes within the
range of a few nanometers and their large surface areas.
Ordered mesoporous silica complements conventional zeolites
in applications, including adsorption,20 catalysis,21 drug
delivery22 and sensing.23 MCM-41 and MCM-48,24 which have
been synthesized at high pH by using cationic surfactants
templates, are the two common series of mesoporous silica.
This journal is © The Royal Society of Chemistry 2017
Besides, anionic and nonionic surfactants have also attracted
interest as templates for mesoporous materials. Silica precur-
sors usually need to be hydrolyzed in low pH (SBA-15, SBA-16).25

SBA-15 possesses thicker framework walls than MCM-41, and
thus exhibits a higher thermal and hydrothermal stability.
Therefore, SBA-15, synthesized in strongly acidic medium,
makes it a good candidate as an adsorbent support material for
removal of Cr(III) ions from acidic effluents. Many researches
have focused on modication of SBA-15 by some functional
groups (e.g. carboxyl, amine),26 but the simple modied meso-
porous silica hardly possess specic recognition ability for
Cr(III) ions and high adsorption capacities in acidic medium.

With the pioneering work conducted in the 1990s, molecular
imprinting technology(MIT) has increasingly developed27 and
has attracted considerable attention as a new fabrication tech-
nology of bionic receptors.28 In general, molecular imprinting
polymers (MIPs) are prepared by the copolymerization of
functional monomers and cross-linkers in the presence of
RSC Adv., 2017, 7, 37778–37786 | 37779
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target analytes that act as template molecules, which results in
selective cavities in a 3D-polymeric network and shows great
affinity with target analytes.29,30 Owing to their high selectivity,
inherent simplicity, reusability, physical robustness and cost-
effectiveness, MIPs are widely used in different elds, such as
purication and separation,31 chemo/biosensing,32 drug
delivery,33 and catalysis.34 The molecular imprinting technique
has also been applied to prepare ion imprinted polymers
(IIPs).35 However, traditional IIPs exhibit a low adsorption
capacity and poor site accessibility toward targets, as the
binding sites are embedded within a highly cross-linked poly-
mer matrix. In order to design high selective adsorbent with
large surface areas, applying imprinting technology to meso-
porous materials is a promising strategy, which gained
considerable interest over the past few years.35,36 In those ion
imprinted mesoporous silicas, the selectivity toward template
metal ions was improved without considering their adsorption
capacities in acidic medium. Co-condensation is one of
common strategies to modied mesoporous silica materials.37

Compared to postsynthetic functionalization (graing), co-
condensation modication is the simultaneous addition of
the corresponding silica and structure-directing agents (SDAs)
with organosilica precursors and templates. The organo-
functional groups covalently anchor in the pore walls, and it
can effectively overcome some shortcomings of graing
synthesis, such as the loss of surface area, pore blocking, and
heterogeneous distribution of recognition sites.38

In this work, we designed and fabricated a novel, highly
ordered Cr(III) ions imprinted mesoporous silica (CrIMS) func-
tionalized by iminodiacetic acid (IDA) for directly removing and
recycling Cr(III) in a strongly acidic medium (Scheme 1). IDA and
(3-glycidyloxypropyl)trimethoxysilane (GLYMO) were reacted to
synthesize a precursor GLYMO–IDA, which acted as the func-
tional monomer. Tetraethoxysilane (TEOS) was chosen as the
cross-linker, while P123 was used as the SDAs. The synthetic
CrIMS was characterized by small angle X-ray diffraction (XRD),
transmission electron microscopy (TEM) and nitrogen adsorp-
tion–desorption measurement. Its adsorption behavior in
aqueous solutions was investigated and compared with non-
imprinted mesoporous silica (NIMS). Eventually, the ability of
CrIMS to remove Cr(III) efficiently was demonstrated in highly
acidic actual effluents samples.

2. Materials and methods
2.1. Materials

All reagents and solvents were of AR grade and used without
further purication unless otherwise noted. Tetraethoxysilane
(TEOS) was obtained from Aladdin Reagent Company
(Shanghai, China), while (3-glycidyloxypropyl)trimethoxysilane
(GLYMO) was purchased from J&K-Scientic Chemical Reagent
Company (Beijing, China). Poly(ethylene glycol)-block-poly-
(-propylene glycol)-block-poly(ethylene glycol) (P123, EO20PO70-
EO20) was received from Sigma-Aldrich (Shanghai, China).
Iminodiacetic acid (IDA) was obtained from Alfa Aesar
(Shanghai, China). Hexamethylene tetraamine, nitric acid,
CrCl3$6H2O, ZnCl2$6H2O, CdCl2$2.5H2O, Cu(NO3)2$3H2O,
37780 | RSC Adv., 2017, 7, 37778–37786
Pb(NO3)2, MnCl2$4H2O and FeCl3$6H2O, were provided by
Tianjin Chemical Reagent Company (Tianjin, China). Doubly
distilled water (DDW) was used for all dilutions except for the
real sample.

2.2. Preparation of GLYMO–IDA silane

GLYMO–IDA silane was prepared basing on a published
method with somemodications.18 IDA (30 mmol) and 50mL of
DDWwere mixed in a 100mL single-necked ask. The pH of the
solution was then adjusted to 11 with 10 mol L�1 NaOH. Then,
the ask was cooled by using ice-bath and 6 mmol of GLYMO
was slowly mixed in the solution. The mixture was heated in
water-bath at 65 �C for 6 h with stirring, followed by cooling the
resultant in an ice-bath for 10min. When the temperature of the
resultant dropped to 0 �C, 6 mmol of GLYMO was further added
slowly with vigorous stirring. The mixture was heated in water-
bath at 65 �C for 6 h with stirring, again. Similarly, 7 mmol of
GLYMO was again added into the above mixture and incubated
overnight with stirring at 65 �C. Finally, the pH of the GLYMO–
IDA-silane solution was adjusted to 6 by using concentrated
HNO3. This synthesized compound solution was stored in
a refrigerator at 4 �C.

2.3. Preparation of CrIMS and NIMS

CrCl3 (1 mmol) and GLYMO–IDA (2 mmol) were mixed in 10 mL
of DDW and stirred at 40 �C for 2 h to form a pre-assembly
solution. Meanwhile, 2.0 g of P123 and 10 mL of 12 mol L�1

hydrochloric acid were mixed in 50 mL of DDW and kept stir-
ring for 2 h at 40 �C. The pre-assembly solution was dropped
into this solution. The mixed solution was kept stirring for 1 h.
Then, TEOS (15 mmol) was dropped into the mixture and the
mixture was kept stirring for 12 h. The resultant solution was
transferred into a hydrothermal reactor and reacted at 85 �C for
48 h. The collected products were eluted by using Soxhlet
extraction with an ethanol–hydrochloric acid solution (9 : 1, v/v)
to remove the Cr(III) ions and the surfactant. Aer that, the nal
CrIMS was acquired and dried in a drying cabinet. The non-
imprinted mesoporous silica (NIMS) was synthesized in
parallel but without the addition of the Cr(III) ions.

2.4. Apparatus and analytical conditions

Small angle X-ray diffraction (XRD) measurements were con-
ducted with a Bruker D8 Advance Scattering system using Cu Ka
(l ¼ 1.5405 Å) radiation over a range of 0.5–5� 2q. Fourier
transform infrared spectra (FTIR) were recorded using a Varian
DRX-400 Fourier Transform Spectrophotometer. Transmission
electron microscopy (TEM) analysis was performed by using
a JEM-2010HR at 120 kV (JEOL, Japan). Scanning electron
microscopy (SEM) images were taken on a ZEISS Ultra 55
microscope. N2 adsorption–desorption measurements were
carried out using a surface area and pore size analyzer from
Beishide Instrument (Beijing). Surface areas were calculated by
the Brunauer–Emmett–Teller (BET) method, and the pore
volume and pore size distribution were calculated using the
Barrett–Joyner–Halenda (BJH) model. Solid-state 13C and 29Si
NMR were carried on a Bruker Ascend III 400 HD.
This journal is © The Royal Society of Chemistry 2017
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Thermogravimetric analysis (TGA) curves were obtained by
heating the sample from 30 to 700 �C at a heating rate of
10 �C min�1 under an air atmosphere using a thermogravi-
metric analyzer (NETZSCH, Germany). Metal ion concentrations
were recorded on a Varian 730 ES Inductively Coupled Plasma
Emission Spectrometer.
2.5. Adsorption experiment

Adsorption experiments were investigated by using 10 mg
CrIMS or NIMS and 10 mL solution at 25 �C. The pH of the
solution was adjusted by using nitric acid–hexamethylenetet-
ramine buffer solution. In the pH test, CrIMS or NIMS were
added at a different pH (2.0–6.0) of Cr(III) ions solution (200 mg
L�1) in each vial. The calculated imprinting factor (IF) was
dened as IF ¼ Bi/Bn, where Bi and Bn represented the binding
capacity of CrIMS and NIMS, respectively. Aer each adsorption
cycle, the CrIMS or NIMS were separated by centrifugation, and
the residual concentration of Cr(III) ions in the supernatant was
measured. All the adsorption experiments were conducted in
triplicate, and the mean values are reported.

The isothermal adsorption experiments were carried out by
using a series of Cr(III) ions solution in the range of 1 to
400 mg L�1. The adsorption kinetics tests were performed using
Cr(III) ions solutions of two different concentrations (20 and
200 mg L�1). Aer shaking for regular time, the CrIMS was
separated, and the residual concentration of Cr(III) ions in the
solution was measured by ICP-MS.

In order to measure selectivity of the CrIMS, the mixed
solutions containing Cr3+, Zn2+, Cd2+, Cu2+, Pb2+, Mn2+ and Fe3+

(1 mmol L�1) were used, and the pH of each solution was
maintained at 4.5.
Fig. 1 FT-IR spectra of SBA-15, NIMS and CrIMS.
2.6. Reusability and reproducibility

Cr(III) ions solution of concentration 200 mg L�1 at pH 4.5 was
used for testing the reusability and reproducibility of the CrIMS.
In each cycle, the Cr(III) ions absorbed by the CrIMS was eluted
with 4 mL of 2 mol L�1 HCl. The CrIMS was washed thrice with
DDW, neutralized with 1 mol L�1 NaOH, again rinsed thrice
with DDW, and dried. The dried CrIMS was then used for the
next adsorption cycle. The same CrIMS was reused 8 times for
adsorption of Cr(III) ions tomeasure its reusability. Additionally,
ve batches of CrIMS prepared at different times and were
employed to evaluate the reproducibility of CrIMS.
Fig. 2 Solid-state 13C NMR spectrum of CrIMS and NIMS.
2.7. Removal of Cr(III) ions from water sample

The sample of electroplating effluent was collected in a poly-
ethylene bottle from Dawang Electroplating Industrial Park
(Guangdong, China) with pH 3.0 and Cr(III) ions concentra-
tion of 26 mg L�1. The water sample was ltered through
a 0.45 mmmicro ltration membrane to remove all impurities.
Then, the CrIMS was used to adsorb Cr(III) ions from 10 L of
the effluent. The residual concentration of Cr(III) ions in the
solution was analyzed by ICP-MS. The recycle method of the
CrIMS was same as that of the reusability experiment
mentioned above.
This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1. Characterization of CrIMS

3.1.1. FT-IR spectra. The FT-IR spectra of the samples are
displayed in Fig. 1. The wide and strong absorption band at
3300 cm�1 was ascribed to the stretching vibration of O–H and
the absorption band at 1626 cm�1 was attributed to the bending
mode of O–H in SBA-15, NIMS and CrIMS.18,39 The characteristic
peaks of the Si–O–Si group and the Si–O are found at 1060 cm�1

and 795 cm�1, which proves that the matrix materials of these
three samples are silica. The characteristic peaks of the C]O
group was found at 1731 cm�1 on the curve of NIMS and CrIMS,
conrming that GLYMO–IDA was successfully embedded in the
silica matrix.

3.1.2. Solid-state 13C and 29Si NMR spectra. The solid-state
13C NMR spectra of NIMS and CrIMS (Fig. 2) showed the char-
acteristic peaks (peak 1–6), which corresponded to the structure
of GLYMO–IDA. The signal of carbon C-1 directly bound to the
Si atom was presented at 7 ppm. The resonance peak at 21 ppm
corresponded to carbon C-2 of the propyl chain in GLYMO–IDA.
The peaks at 56, 64, and 72 ppm could be ascribed to C-5, C-3
and C-4, respectively. The peak for the carboxyl carbons of
IDA moieties appeared clearly at 169 ppm.18
RSC Adv., 2017, 7, 37778–37786 | 37781
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Fig. 5 The low-angle XRD pattern of SBA-15, NIMS and CrIMS.
Fig. 3 Solid-state 29Si NMR spectrum of CrIMS and NIMS.
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The spectra of solid-state 29Si NMR of NIMS and CrIMS
(Fig. 3) presented the peaks of T3, Q2, Q3 and Q4 (�65, �93,
�102 and �111 ppm, respectively). The T3 silicon signals rep-
resented the structure of (SiO)3SiR, which could be attributed to
the Si of functional monomer (GLYMO–IDA). Besides, the peaks
of Qn (n ¼ 2, 3 and 4) corresponded to the structure of (SiO)n-
Si(OH)4�n, which were common signals of mesoporous
silica.40,41

Based on the analysis of the solid-state 13C and 29Si NMR, it
could be proved that GLYMO–IDA was successfully incorpo-
rated into the mesoporous silica.

3.1.3. XPS analysis. The XPS spectrum of CrIMS is dis-
played in Fig. 4. The signals of C1s and N1s indicated that
GLYMO–IDA has been involved in CrIMS. Besides, the signal of
Cr was hardly to be detected, which revealed that the Cr(III) ions
were eluted.

3.1.4. XRD patterns. The small angle XRD pattern of CrIMS
is shown in Fig. 5. Three characteristic diffraction peaks of
(100), (110) and (200) were observed in the region 2q ¼ 0.5–2.0�,
which revealed that the CrIMS owned a highly ordered 2Dmeso-
structure with typical hexagonal P6mm symmetry. Besides, the
small angle XRD patterns of CrIMS and NIMS both consistented
with the pattern of SBA-15.
Fig. 4 XPS spectrum of CrIMS.

37782 | RSC Adv., 2017, 7, 37778–37786
3.1.5. Morphological characteristics. The SEM image
(Fig. 6) of CrIMS displayed a regular morphology and were in
the shape of short pillars. The TEM image (Fig. 6) revealed
that CrIMS persevered ordered porous structure and well-
formed hexagonal pore arrays. The average pore diameter
was about 6.25 nm and the average wall thickness is about
3.2 nm. The SEM and TEM images of CrIMS and NIMS
(Fig. S1 and S2†) displayed no signicant difference in the
highly ordered mesoporous structure (SBA-15) (Fig. S3
and S4†).
Fig. 6 SEM and TEM image of CrIMS.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The effect of pH on adsorption capacity and IF of CrIMS
(experimental conditions: used 10mL of 200mg L�1 Cr(III) ion solution,
solid weight 10 mg, T ¼ 298 K).

Fig. 7 N2 adsorption–desorption isotherm.
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3.1.6. BET analysis. The porous structure of the CrIMS is
one of signicant factors for the adsorption of Cr(III) ions. The
experiment of N2 adsorption–desorption was carried out to
investigate the porosity of CrIMS. A type IV isotherm with
a hysteresis loop is displayed in Fig. 7, which conrms meso-
porous characteristics. The insert picture in Fig. 7 presented the
mean pore size, which was estimated by the Barrett–Joyner–
Halenda (BJH) method to be 6.55 nm, which was consistent
with the TEM image. The Brunauer–Emmett–Teller (BET)
surface area was 856.24 m2 g�1 while the pore volume was
1.45 cm3 g�1. All of these results conrmed that the resultant
CrIMS possessed a typical SBA-15 mesoporous structure.

3.1.7. TGA analysis. The curves of SBA-15 and CrIMS in
TGA analysis were displayed in Fig. 8. The weight loss of SBA-
15 and CrIMS occurred from room temperature to 130 �C,
which was attributed to the release of adsorbed water. The
second weight loss of SBA-15 (5.35%) resulted from the loss of
the hydroxyl groups.42 CrIMS had more obvious second weight
loss (24.67%), which was mainly caused by the loss of the
organic groups from GLYMO–IDA. Based on the weight loss in
the TGA analysis, it was indicated that the organic groups
from GLYMO–IDA were successfully combined with the silica
matrix.
Fig. 8 TGA curves of SBA-15 and CrIMS.

This journal is © The Royal Society of Chemistry 2017
3.2. Binding study

The complexation between Cr(III) ions and IDA groups is
distinctly inuenced at different pHs. The effects of solution
acidity on the adsorbed capacity and the imprinting factor (IF)
of CrIMS were investigated. Since Cr(III) ions may convert to
Cr(OH)3 at a high pH, the experiment was carried out from pH
2.0 to pH 6.0, shown in Fig. 9. The binding capacity of CrIMS
toward Cr(III) ions was positively correlated with the pH, while
the IF showed a negative one. The largest adsorption capacity
(approximately 71 mg g�1) and IF (4.65) was observed at solu-
tion pH of 6.0 and 2.0, respectively. The decrease of binding
capacity at lower pH could be attributed to the protonation of
the donating nitrogen atoms and the lower dissociation extent
of the carboxyl groups in the imprinting cavities, reducing the
extent of complexation between the Cr(III) ions and the IDA
groups. CrIMS possessed imprinting cavities and could specif-
ically adsorb the templates, which was a stronger force
compared with the nonspecic adsorption of NIMS. Thus, the
IF values tended to be smaller at higher pHs.
Fig. 10 Adsorption capacity of CrIMS and NIMS(Experimental condi-
tions: used 10 mL of different concentrations of Cr(III) ion solution,
solid weight 10 mg, T ¼ 298 K).
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Fig. 13 Reusability of CrIMS (experimental conditions: 10 mL of
200 mg L�1 Cr(III) ion solution at pH 4.5, 10 mg adsorbent, T ¼ 298 K).

Fig. 11 Adsorption kinetics of CrIMS (used 10 mL solution, 10 mg
adsorbent, T ¼ 298 K).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

8:
41

:3
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In this work, we intended to construct a novel Cr(III) ions
imprinting mesoporous silica material to remove Cr(III) ions
from effluent at low pH. Moreover, when the pH value was
below 4.5, the binding capacity was low. Besides, the initial pH
of the real sample we chose is 3.0. Therefore, we chose pH 4.5
and pH 3.0 for conducting following adsorption tests.

The results of isothermal adsorption experiments were pre-
sented in Fig. 10. The binding capacities of Cr(III) ions on the
CrIMS and NIMS were nonlinear and increased with the increase
of the initial concentration of Cr(III) ions. The CrIMS reached
a saturated adsorption value (approximately 63 mg g�1) when the
initial concentration of Cr(III) ions was 200 mg L�1 at pH 4.5. At
pH 3.0, the binding capacity still reached 51 mg g�1. The two
saturated adsorption values were both higher than that of NIMS.
These results proved that the effect of imprinting combined with
the chelate action enhanced the affinities with Cr(III) ions and
binding capacities of CrIMSwhich owns specically binding sites.
3.3. Kinetic study

The kinetic study was undertaken at two different concen-
trations (20 and 200 mg L�1) of Cr(III) ions. As the results were
Fig. 12 Selective adsorption experiments of CrIMS and NIMS (exper-
imental conditions: initial concentrations of metal ions 1 mmol L�1,
10 mL solution at pH 4.5, 10 mg adsorbent, T ¼ 298 K).

37784 | RSC Adv., 2017, 7, 37778–37786
shown in Fig. 11, at the same pH, equilibrium adsorption
time is longer when the initial concentration of Cr(III) ions is
higher. For the Cr(III) ions concentration of 20, 200 mg L�1,
the time to reach equilibrium was 3 min and 5 min at pH 4.5
respectively, which was much shorter than that of typical
MIPs,43 and it corresponded with common imprinted meso-
porous silica.37,44 The short equilibrium adsorption time
resulted from the nanometer-sized wall thicknesses and
narrow pore size distribution of the mesoporous silica, which
signicantly enhanced the specic surface area and acceler-
ated mass diffusion and transportation of adsorption
processes.35 Therefore, the Cr(III) ions were more accessible to
the binding sites of imprinted mesoporous silica. We also
found the pH could affect the equilibrium adsorption time.
For the Cr(III) ions concentration of 20 and 200 mg L�1, the
time to reach equilibrium was 10 min and 20 min at pH 3.0,
respectively.

3.4. Selectivity study

In order to investigate the ability of selectively recognition of
CrIMS, we chose Zn2+, Cd2+, Cu2+, Pb2+, Mn2+ and Fe3+ to
Fig. 14 Reproducibility of CrIMS (experimental conditions: 10 mL of
200 mg L�1 Cr(III) ion solution at pH 4.5, 10 mg adsorbent, T ¼ 298 K).

This journal is © The Royal Society of Chemistry 2017
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Table 1 Comparison of the reported adsorbents for Cr(III) ions

Adsorbents Functional groups
Synthesis methods of
materials

Adsorption capacity
(equil. time) Selectivity Ref.

Functionalized carbon nanotubes Diethylenetriamine Chemical modication
(one-step)

5.4 mg g�1 (30 min) Cr, Fe, Pb
and Mn

45

A new chelating resin N-Cyclohexylacrylamide and
2-acrylamido-2-methyl-1-
propanesulfonic acid

Free radical polymerization
(one-step)

18.3 mg g�1 (�) Fe, Zn, Cu,
Cr, Co and Mn

46

Surface imprinted attapulgite
sorbent

Azodicarbonamide Chemical modication
(multi-step)

69.75 mg g�1 (20 min) Cr 47

Cr(III) ion imprinted polymer
graed mesoporous SBA-15

Dithizone Chemical modication
(multi-step)

131.4 mg g�1 (�) Cr 48

Fe3O4@ZrO2 — Sol–gel method (one-step) 24.5 mg g�1 (7 min) Cr 49
Imprinted polymeric beads Methacryloylamidohistidine Dispersion polymerization

(one-step)
69.28 mg g�1 (30 min) Cr 50

Cr(III) ion imprinted polymer
co-condensation modied
mesoporous SBA-15

Iminodiacetic acid Sol–gel method (one-step) 63 mg g�1 (10 min) Cr This work
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performed competitive adsorption tests. These ions could
coexist in effluents with Cr(III) ions, and they have similar ionic
radius with Cr(III) ions. In addition, Fe3+ has the same charge
with Cr3+ and is oen detected at high concentrations in some
water samples. As shown in Fig. 12, the adsorption capacities of
NIMS toward all the ions were not signicantly different, while
that of CrIMS to Cr(III) ion was much higher than its adsorption
capacities toward Zn2+, Cd2+, Cu2+, Pb2+, Mn2+ or Fe3+. The
results indicated that the CrIMS possessed specically binding
sites and highly selective recognition ability. However, since the
IDA groups were distributed randomly in the mesoporous silica,
NIMS hardly possessed selective recognition ability.
3.5. Reusability and reproducibility

Reusability and reproducibility are two nonnegligible factors in
real sample treatment of adsorbents. To test the reusability, the
CrIMS was used 8 times to absorb Cr(III) ions at pH 4.5. The
results of experiments were presented in Fig. 13. The adsorption
capacity decreased slightly aer being used. The adsorption
efficiency of the sample still reached 94.1% aer eight cycles,
proving that CrIMS possessed good reusable property. We
synthesized 5 batches of CrIMS to examine the reproducibility
of the adsorbents with the same synthesis method. The samples
of 5 batches of CrIMS adsorbed Cr(III) ions at the concentration
of 200 mg L�1 at pH 4.5. The results were displayed in Fig. 14.
The related standard deviation for reproducibility ranged from
2.38% to 4.56%. The results indicated that the synthesis
method can guarantee a good reproducibility of CrIMS.
3.6. Application of actual effluent sample

The samples of electroplating effluent were collected in poly-
ethylene bottles from Dawang Electroplating Industrial Park
(Guangdong, China) with pH 3.0 and Cr(III) ions concentration
of 26 mg L�1. Aer the raw sample was ltered, 3.5 g of CrIMS
was added into 1 L of the sample, and the residual concentra-
tion of Cr(III) ions in the solution was 0.05 mg L�1. In order to
This journal is © The Royal Society of Chemistry 2017
improve the adsorption capacity, the pH of water sample was
adjusted to 4.5. Then, 2.6 g of CrIMS was used to adsorb Cr(III)
ions from 1 L of the sample. The residual concentration of Cr(III)
ions was 0.02 mg L�1. The concentrations of Cr(III) ions of the
effluents aer treatment were both less than the discharge
standard of China (0.1 mg L�1).

3.7. Comparison with other reported adsorbents

The comparison among CrIMS and other reported adsorbents
was displayed in Table 1. The simply chemistry modied
materials hardly showed selectivity to Cr(III) ions. Ion
imprinting technology can enhance the adsorption selectivity of
adsorbents. Combined with mesoporous materials , CrIMS
possessed the advantages of faster equilibrium, higher
absorption capacity.

4. Conclusions

In this work, we combined ion imprinting polymers with highly
ordered mesoporous silica for removal of Cr(III) ions from acidic
effluents. The obtained CrIMS possessed large surface area and
highly ordered pore arrays, which was the typical structure of
SBA-15 mesoporous materials. Moreover, CrIMS also showed
favourable selective recognition performance. The specic
binding sites were distributed in ion imprinting mesoporous
silica, which remarkably enhanced the accessibility for the
targets and imprinted cavities. CrIMS presented higher selec-
tivity adsorption capacity towards Cr(III) ions in an acidic solu-
tion. This effective synthesis method is convenient and can
guarantee good reusability and reproducibility. In the actual
treatment of effluent, the concentration of Cr(III) ions of the
electroplating effluent aer treatment is below the discharge
standard of Cr(III) ions of China.
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