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Preparation and application of Ni(i) ion-imprinted
silica gel polymer for selective separation of Ni(i)
from aqueous solution

Hongxing He, Qiang Gan and Changgen Feng*

In the present study, a novel Ni(i) ion-imprinted sulfonate functionalized silica gel polymer was prepared

with the surface imprinting technique by using nickel(n) as the template ion, grafted silica gel as

the support,

and 2-acrylamido-2-methyl-1-propanesulfonic acid

(AMPS) and ethylene glycol

dimethacrylate (EGDMA) as the functional monomer and crosslinker, respectively. The sorbent was
characterized by FT-IR, SEM, EDX, TG and BET. Kinetics studies indicated that the adsorption
equilibrium was achieved within 12 min and the adsorption kinetics followed the pseudo-second-

order rate equation. The adsorption isotherm was well fitted by the Langmuir model. The Ni(i) ion-

imprinted silica gel polymer (Ni(i)-1IP) exhibited a higher adsorption capacity and selectivity for Ni(i) in

comparison to the non-imprinted silica gel polymer (Ni(i1)-NIP). The maximum adsorption capacities
of Ni(u)-11P and Ni(u)-NIP for Ni(n) were 20.30 and 4.87 mg gfl, respectively. The relative selectivity
coefficients of the adsorbent for Ni(i) in the presence of Co(i), Cu(n), Zn(i) and Pb(i) were 4.09, 3.62,
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5.78 and 5.86, respectively. Reusability studies indicated that the adsorption capacity of the prepared

sorbent did not decrease significantly after repeated use six times. The precision of this method was

DOI: 10.1039/c7ra00101k
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1. Introduction

Many industries, such as the electroplating industry, produce
toxic wastewaters containing many heavy metals. Nickel(u) has
been identified as one of the toxic heavy metals threats to
human beings and other creatures." For example, nickel can
cause a skin disorder known as nickel-aczema.>?® Therefore,
separation and removal of toxic Ni(u) from wastewaters has
received wide research attention.

Recently, adsorption has been widely utilized to remove
heavy metals from aqueous solutions due to its many advan-
tages, such as low-cost, higher removal efficiency, easy handing,
and environmental-friendliness.*® There are a lot of materials,
including carbon nanocomposites,® magnetic nanoparticles
(Fe30,),” resins,® modified silica gel,” carbon nanotubes,*
fibers,"* membranes,'> and biosorbents,* that have been used
as adsorbents to remove Ni(u) from aqueous solutions.
However, the poor recognition of specific metal ions limits their
applications. Ion imprinting is a powerful technique for the
preparation of polymeric materials which have an outstanding
recognition ability for the template ion. Ion imprinted polymers
(I1Ps) were first proposed by Nishide et al in 1976.** The
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verified and the prepared sorbent can be considered to be a promising sorbent for selective
separation of Ni(i) from natural water samples.

preparation process of IIPs can be generally explained as
follows: (1) appropriate functional monomers initially form
complexes with template ions; (2) functional groups on the
monomers are fixed with crosslinker in the process of poly-
merization; (3) removal of the template ion leaves binding sites
that are matched in size, shape and coordination geometry to
the template ion.”* Consequently, IIPs show the outstanding
recognition feature for the target ions over other coexisting
metal ions. Unfortunately, traditional IIPs prepared by bulk
polymerization method usually suffer from weak binding
capacity and slow mass transfer because the binding sites are
completely embedded in polymer.*® Surface imprinting tech-
nique (SIT) is developed to solve the above problems. The key
point of this technique is fixing binding sites onto the support
surface, enabling the target metal ions to combine with binding
sites more quickly and easily."”*®* Therefore, surface ion-
imprinted polymers not only possess high selectivity and
adsorption capacity, but also have a faster mass transfer and
binding kinetics."” To date, a lot of Ni(u) ion-imprinted poly-
mers based on biomass have been prepared by surface
imprinting technique for removal of nickel(n) from aqueous
solution.?*** Silica gel has been widely applied as a support for
surface imprinting materials due to its low cost, wonderful
modification and excellent mechanical stability.>® However, to
our knowledge, there is only one literature on Ni(u) ion surface-
imprinted polymer based on silica gel functionalized with

This journal is © The Royal Society of Chemistry 2017
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amino group for selective removal of Ni(u) from aqueous solu-
tions." According to the Lewis theory of acids and bases,® Ni(u)
belongs to borderline acid and prefers to combine with sulfonic
acid (-SO;H) groups which belong to borderline bases.

In the present study, a new Ni(u) ion-imprinted sulfonate
functionalized silica gel polymer was prepared with surface
imprinting technique by using 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) as functional monomer for
selective removal of Ni(u) from aqueous solutions. The prepa-
ration, characterization, adsorption time, adsorption capacity,
selective adsorption and regeneration performance of the
prepared polymer were discussed in detail.

2. Experimental
2.1 Materials

2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS),
ethylene glycol dimethacrylate (EGDMA) and 2,2’-azobis(isobu-
tyronitrile) (AIBN) were purchased from Sigma-Aldrich, Mil-
waukee, USA. Sodium dodecyl sulfate (SDS) was purchased from
Sinopharm, Beijing, China. All other reagents were obtained
from Beijing Chemical Plant, Beijing, China and all reagents
were of analytical grade. All aqueous solutions were prepared
using deionized water.

2.2 Apparatus

The pH of the solution was conducted with a PHS-3C pH meter,
Shanghai, China. The Fourier transform infrared spectrometry
(FT-IR) of all samples were recorded on a Nicolet iS10 IR spec-
trometer, Waltham, USA. The surface morphology measure-
ments of the imprinted materials were evaluated by a FEG 250
scanning electron microscope, Hillsboro, USA. The thermal
stability analysis (TGA) was conducted with a 6300 thermo-
gravimetric analyzer, Tokyo, Japan. Surface areas were deter-
mined using NOVA3200e Brunauer-Emmett-Teller (BET)
surface area analyzer, Quantachrome, USA. The concentrations
of metal ions were determined by a Spectro Arcos inductively
coupled plasma atomic emission spectrometry (ICP-AES), Kleve,
Germany.

2.3 Real sample preparation

The standard solution of Ni (GBW(E)080128) was purchased
from National Institute of Metrology, Beijing, China. The real
samples were collected from tap water (the laboratory) and lake
water (Beijing, China). All samples were filtered through a 0.22
pm PES membrane and stored in a refrigerator at 4 °C before
use. The pH value was adjusted to 7 by 0.1 mol L™ " HNO; or
0.1 mol L' NH;-H,O0 solution.

2.4 Synthesis of Ni(u) ion-imprinted silica gel polymer (Ni(u)-
119)]

2.4.1 Synthesis of N-propylmaleamic acid-functionalized
silica gel (SG-PMA). SG-PMA was synthesized according to the
previous report.”” Briefly, 5 g SG-AAPTS and 2.5 g maleic anhy-
dride was dispersed in 100 mL of tetrahydrofuran with stirred at
room temperature for 24 h. And then, the product was washed
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with tetrahydrofuran and ethanol successively, finally dried in
vacuum at 60 °C for 12 h.

2.4.2 Synthesis of Ni(u) ion-imprinted silica gel polymer
(Ni(u)-ITP). The Ni(u) ion-imprinted silica gel polymer (Ni(u)-IIP)
was synthesized by surface imprinting technique. Since the
functional monomer AMPS is a water-soluble monomer, the
polymerization was carried out in emulsion. The procedure was
described as follows (Fig. 1).

Firstly, 5.0 g of SDS and 14.5 mL of n-pentanol as emulsi-
fiers, 1 mmol of nickel nitrate as template metal ion and
4 mmol of AMPS as monomer were added to 29 mL of toluene
with stirring at room temperature. Then, 2 mL of water was
added dropwise into the above mixture, the mixture was
ultrasonically shaken for 2 min to obtain W/O emulsions.
Subsequently, 2.5 g of SG-PMA was added to the emulsions,
and the mixture was also stirred for 2 h. Secondly, 1.5 mL of
EGDMA as crosslinker and 100 mg of AIBN as initiator were
added into the mixture. Then the polymerization mixture was
bubbled with N, for 30 min to eliminate oxygen before it was
sealed. After that, the reaction system was heated at 60 °C for
5 h under magnetic stirring. Finally, the obtained polymers
were filtered, washed with methanol, then washed with 2 mol
L' of HNO; to leach template ions completely. After complete
extraction, the product was washed with deionized water to
neutral and dried.

The non-imprinted silica gel polymer (Ni(u)-NIP) was
prepared using the same procedure only without the addition of
the Ni(u) ion.

2.5 Adsorption experiments

Batch adsorption experiments were used in this study to
investigate the adsorption behavior and selectivity of Ni(u)-IIP
and Ni(u)-NIP. All adsorption experiments were performed in
triplicate. The concentrations of all of metal ions were deter-
mined by ICP-AES.

Batch adsorption experiments of the Ni(u)-IIP and Ni(u)-NIP
were carried out in a conical flask with cover. To investigated the
pH effect on adsorption of Ni(u), 20 mg of sorbent was added to
20 mL of 100 mg L™ Ni(n) solution at varying pH values at 25 °C
for 2 h. The pH of the solution was adjusted by 0.1 mol L*
HNO; or 0.1 mol L™ ! NH;-H,O solution. The effect of time on
Ni(u1) adsorption was measured by adding 50 mg of sorbent into
50 mL of 100 mg L™" Ni(u) solution at different times at 25 °C
under the optimum pH conditions. Samples were taken out
from the solution at various time intervals until saturation
adsorption. To evaluate the static adsorption capacity of the
sorbent, 20 mg of sorbent was added to 20 mL of Ni(u) ion
solution of varying concentrations (10-150 mg L™ ") at 25 °C for
15 min. The adsorption capacity can be calculated by the
following equation.

Ci — Cr

1000w <V

q:

where g (mg g™ ) is the adsorption capacity, ¢; (mg L") and ¢
(mg L") are the initial and final concentrations of metal ions,
respectively, V (mL) is the volume of the solution, and W (g) is
the mass used of sorbent.
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Fig. 1 Scheme for preparation of Ni(i) ion-imprinted polymer.

2.6 Selectivity experiments

To determine the selective adsorption, 10 mg of the sorbent was
added into 20 mL of 5 mg L' binary solutions of Ni(m)/Co(m),
Ni(u)/Cu(ur), Ni(11)/Zn(u) and Ni(u)/Pb(u) at pH 7.0 for 15 min. The
distribution coefficient (D), the selectivity coefficient (k) and the
relative selectivity coefficient (k) were calculated according to
the following equations.
(Ci — Ce)

D=

Vo= Dn
C. W

_ K= knp
Dwm

kNlP

k

where C; and C. are the initial and equilibrium concentra-
tions of metal ions (mg L'), V is the volume of the
solution (mL), and W is the amount of Ni(u)-imprinted

polymers (g).

2.7 Reusability studies

To investigate the reusability, adsorption/desorption experi-
ments were reused for six times using the same sorbent. The
optimum eluent was investigated by using HNO;, HCl and
H,S0, solutions to desorb the Ni(i) adsorbed on the sorbent.
For adsorption experiment, 20 mg of Ni(u)-IIP was equilibrated
with 50 mL of 100 mg L™" Ni(u) ion solution at pH 7.0 and 25 °C
for 30 min. After adsorption experiments, the sorbent was
desorbed by 10 mL of 2 mol L™' HNO; solution to leach the
Ni(n) ion adsorbed in sorbents completely. After that, the
sorbent was filtered and washed with distilled water to neutral,

15104 | RSC Adv., 2017, 7, 15102-15111

and then dried under vacuum at 50 °C for 12 h before the next
adsorption/desorption process.

3. Results and discussions

3.1 Characterizations

3.1.1 FT-IR spectra. Fig. 2 gives the FT-IR spectra of three
particles, SG-PMA, Ni(u)-IIP and Ni(u)-NIP. Two sharpness
absorption bands at 1099 cm ™" and 803 cm™ " represent the Si-
O-Si and Si-O stretching vibrations, respectively, whereas the
absorption peak at 462 cm ™' is assigned to bending vibrations
of Si-O-Si groups.”® As compared with the spectrum of SG-PMA,
in the spectrum of Ni(u)-IIP and Ni(u)-NIP, two new adsorption
band at about 1208 and 1043 cm™ "' should be ascribed to the
asymmetric and symmetric bands of SO, in sulfonic acid group
from AMPS, the band at around 1659 cm ™! is associated to the
C-N bond in sulfonic acid, also the band at around 1545 cm ™' is
assigned to the N-H bond in amide group, along with the band
corresponding to the O-H bond in sulfonic acid at 2928 cm ™,
indicating the appearance of the functional monomer AMPS.*
Besides, the band of C-C(=0)-0O bond at 1100 cm ™" reveals the
presence of EGDMA as crosslinker.®® The results indicated that
the polymerization between AMPS and EGDMA took place on
silica gel surface and the imprinted layer on the surface of silica
gel was formed.

3.1.2 Morphology study. Fig. 3(a) and (b) showed the SEM
images of Ni(u)-IIP and Ni(u) loaded Ni(u)-IIP. As can be seen in

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FT-IR spectra of SG-PMA, Ni(u)-1IP and Ni(i)-NIP.

Fig. 3, some noticeable changes of surface morphology were
observed between nickel ions loaded Ni(u)-IIP and Ni(u)-IIP.
There are a large number of nanopores on the surface of the
Ni(u)-1IP, but after Ni(u) adsorption, some nanopores were filled
up. It may be due to the combination of nickel ions with
recognition sites on the sorbent surface. The nanopore struc-
ture on the imprinted materials surface which serves as the
recognition sites plays a major role in the adsorption process,
and the specific recognition sites of Ni(u)-IIP can match with
Ni(u) ions in size, shape, charge and coordination geometry by
ion imprinting. In addition, those differences were proved by
EDX spectroscopy. There is no characteristic signal of Ni(u1) on

View Article Online
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Table 1 Surface physical parameters of the SG-PMA, Ni(i)-IIP, Ni(i)-
NIP and Ni(u)-1IP (loaded)

Surface area Pore volume Average pore

Sample (m*g™ (em®g™) diameter (nm)
SG-PMA 203.4 0.45 9.6
Ni(u)-IIP 238.6 0.56 4.9
Ni(n)-NIP 216.5 0.47 6.6
Ni(n)}-IIP (loaded) ~ 219.0 0.48 4.9

the Ni(u)-IIP from Fig. 3(a’), whereas the obvious signal of Ni(u)
on the Ni(u) loaded Ni(u)-IIP was observed from Fig. 3(b').
Besides, the obvious signal peak of sulfur element in functional
monomer illustrates that the sulfonic acid groups have been
polymerized on the silica gel surface.

3.1.3 Surface area and pore size analysis. The surface area
was determined by the Brunauer-Emmett-Teller (BET) method
and the average pore size distributions were analyzed by the
Barrett-Joyner-Halenda (BJH) method. The surface areas and
porosity data of SG-PMA, Ni(u)-IIP, Ni(u)-NIP and the nickel(u)
loaded Ni(u)-IIP were listed in Table 1. It can be observed that
the surface area, pore volume and average pore diameter
changed after polymerization, this is because the polymer layer
with nanoporous was formed on the surface of SG-PMA. The
surface area of Ni(u)-IIP was greater than that of Ni(u)-NIP,
which could be attributed to the specific recognition cavities for
Ni(u) formed on the surface of sorbent by imprinting technique.
In addition, the surface area of Ni(u)-IIP changed after Ni(u)
adsorption, this is likely owing to the combination of nickel
ions with recognition cavities on the polymer surface. This is
consistent with the observation of the surface morphology.

Fig. 3 SEM images of the Ni(i)-1IP (a) and Ni(i) loaded Ni(i)-IIP (b); EDX spectra for the free (a’) and Ni(i)-loaded (b’) Ni(i)-IIP.

This journal is © The Royal Society of Chemistry 2017
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3.1.4 Thermal stability. Thermal stability of the prepared
Ni(u)-IIP was studied using a thermogravimetric analysis (TG)
technique. Fig. 4 represents TG curves of SG-PMA and Ni(u)-
IIP. For SG-PMA, when the temperature increased from room
temperature to 150 °C, the weight loss was about 5.8%, which
mainly owing to the loss of the physically attached water
molecules. The weight loss of 18.3% from 150 °C to 800 °C due
to the decomposition of the organic compounds grafted on the
silica gel surface. For Ni(u)-IIP, the first weight loss was about
4.1% from room temperature to 150 °C, it can be due to the
physisorbed water. When the temperature changed from
150 °C to 800 °C, the large weight loss was about 42.8%, which
might be assigned to the decomposition of poly(AMPS-co-
EGDMA) on the silica gel. The results indicated that a polymer
layer was coated on the silica gel surface. On the other hand,
the results showed that the prepared sorbent had a good
thermal stability.

3.2 Adsorption of Ni(u) on Ni(u)-IIP

3.2.1 Effect of pH on adsorption of Ni(u). The pH of the
solution is one of the important factors in the whole Ni(u)
adsorption process. Considering 100 mg L™ of nickel ions will
be hydrolyzed when pH of solution is greater than 8.0, the
experiments were conducted at pH = 1.0 to 8.0. Fig. 5 shows the
effect of pH of solutions on Ni(u) adsorption. It can be seen that
the adsorption capacity of Ni(u) increased rapidly from pH 1.0 to
4.0, then further increased at a slow rate from pH 4.0 to 7.0,
finally decreased at pH > 8.0. Below pH 4.0, the cause of low
adsorption capacity is mainly the protonation of the sulfonic
groups, large amounts of H' inhibited the adsorption of the
binding sites for Ni(u) in aqueous solution. Over pH 7.0,
adsorption capacity decreased probably due to the widespread
hydrolysis of Ni(u) ion as expected, which leads to the concen-
tration of free Ni(u) ion in the sample solution decreased. The
maximum adsorption capacity (19.06 mg g~ ') was obtained at
pH 7.0. Therefore, a pH value of 7.0 in aqueous solution was
chosen as the optimum pH in the later experiments.

100

Weight Loss (%)
3
T

Ni(ID)-IIP

60

50

1 1 1
0 200 400 600 800

Temperature (°C)

Fig. 4 TG curves of SG-PMA and Ni(i)-IIP.
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Fig.5 Effect of pH on the adsorption capacity of Ni(i)-IIP for Ni(i) (Ni(i)
concentration: 100 mg L™, temperature: 25 °C).

3.2.2 Adsorption kinetics. The effect of contact time on the
Ni(u) adsorption on Ni(u)-IIP and Ni(u)-NIP was investigated at
25 °C, pH 7.0 and an initial Ni(i) concentration of 100.0 mg L™ ".
The results are shown in Fig. 6. As can be seen, both sorbents
had a fast adsorption rate for Ni(u) at the first 12 min and soon
reached the adsorption equilibrium. It can be ascribed to the
fact that there are a large number of binding sites on the
polymer surface, which reduces the mass transfer resistance of
the Ni(u) adsorption and enables Ni(u) to interact readily with
the sorbent, therefore sorbents obtain a high adsorption rate.
After fast stage, the external binding sites were gradually occu-
pied by Ni(u) and the amount of available binding sites reduced,
the diffusion of Ni(u) into the sorbents inside caused the slow
adsorption rate.

Moreover, two kinetic models, pseudo-first-order kinetics
model and pseudo-second-order kinetics model were applied to
investigate the kinetic mechanism of Ni(w)-1IP for Ni(u)

20
—=— Ni(I)-IIP
—eo— Ni(Il)-NIP

16 |-

Adsorption capacity (mg/g)

0 1 ] 1 1 1
0 5 10 15 20 25 30

Time (min)

Fig. 6 Effect of contact time on the adsorption of Ni(i)-11P and Ni(i)-
NIP (Ni(1) concentration: 100 mg L™, pH: 7.0, temperature: 25 °C).

This journal is © The Royal Society of Chemistry 2017
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adsorption. The linear form of pseudo-first-order kinetics
model is expressed as follows:**

In(g. — q,) = In q. — kit

where ¢, (mg ¢~ ') and g. (mg g ') are the adsorption capacities
of Ni(u) at time ¢ and at equilibrium, respectively. k; (min") is
the rate constant of the first-order model.

The linear form of pseudo-second-order kinetics model is
expressed as follows:*

t 1 N 1 ;

@ kg g
where k, (g min~" mg ") is the rate constant for pseudo-second-
order model at the equilibrium. Likewise, all variables in
pseudo-second-order model are as described for pseudo-first-
order model.

Fig. 7 presents the plots of pseudo-first-order and pseudo-
second-order model for the adsorption nickel(n) and the
parameters of the two kinetic models are given in Table 2. It can
be seen that the correlation coefficients for the pseudo-first-
order kinetics model (R,> = 0.9799) was poor and the calcu-
lated values of g. was not match the experimental value,
whereas the correlation coefficients for the pseudo-second-
order model (R,> = 0.9971) was greater than 0.99 and the
calculated values of g. was close to the experimental value. The
pseudo-first-order kinetics model assumes that the adsorption
process is carried out by the diffusion of metal ions through the
boundary layer of the sorbent surface and this adsorption
process is controlled by diffusion step, while the pseudo-
second-order model considers that the adsorption process is
controlled by the chemical adsorption mechanism, which
involves the electron sharing or electron transfer between

Table 2 Adsorption kinetic parameters of Ni(i)-IIP for Ni(i) adsorption

adsorbent and adsorbate. The results suggested that the
pseudo-second-order model could better describe the adsorp-
tion process of Ni(i) on Ni(u)-IIP and the chemisorption could
be the rate-limiting step for Ni(u) adsorption on Ni(u) ion-
imprinted polymer.*

3.2.3 Maximum adsorption capacity and adsorption
isotherm. In order to study the maximum adsorption capacity,
the effect of Ni(u) initial concentrations on adsorption of Ni(u)-
IIP and Ni(u)-NIP was investigated at 25 °C and pH 7.0 with the
initial Ni(n) concentration in the range of 10-150 mg L. As
shown in Fig. 8, the adsorption capacity of Ni(u) on the
imprinted sorbent increased with increasing initial Ni(u)

—m— Ni(ID)-1IP
—e— Ni(II)-NIP

20 -

Adsorption capacity (mg/g)

0 1 I I
0 40 80 120 160

Initial concentration (mg/L)

Fig. 8 Effect of Ni(i) initial concentration on the adsorption of Ni(i)-11P
and Ni(i)-NIP (pH: 7.0, temperature: 25 °C).

Pseudo-first-order rate equation

Pseudo-second-order rate equation

Ge,exp (mg gil) kl (min71) Ge,cal (mg g71)

Rz

ky (mg g~' min™") Gecar (Mg g™ ) R’

18.35 0.2018 12.34
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concentration, then the adsorption reached saturation after the
concentration of 100 mg L', and the maximum adsorption
capacities of Ni(m) on Ni(m)-IIP and Ni(u)-NIP were 20.30 mg g~
and 4.87 mg g ', respectively. The maximum adsorption
capacity of Ni(u)-IIP was as much as 4.2 times that of Ni(u)-NIP,
which indicates that ion imprinting process can greatly
enhance the adsorption ability of Ni(u) ion-imprinted polymer.
In the published literature,' the maximum adsorption capacity
of imprinted silica gel adsorbent for Ni(i) was 12.61 mg g%, it
suggested that Ni(u)-IIP prepared in this work had a high
adsorption capacity for Ni(u).

In addition, the data of the adsorption equilibrium of Ni(u)
on Ni(u)-IIP were fitted to the Langmuir and Freundlich
isotherm models. Langmuir and Freundlich isotherm models,
which assume a monolayer adsorption on a homogenous
surface or sorption on a heterogeneous surface, respectively.
The linear expressions of two models were as follows.**

Langmuir isotherm:

. K ¢

qe dm  ge

Freundlich isotherm:

1
In g. = Zln ¢. +1In K¢

where g. (mg g ") is the adsorption capacity of Ni(u) at equi-
librium, c. (mg L") is the equilibrium concentration of Ni(n) in
the solution, ¢, (mg g~ ") is the maximal adsorption capacity of
Ni(n), K (L g~') is a constant in the Langmuir model. Ky and 7
are the constants in the Freundlich model.

Table 3 Adsorption
adsorption

isotherm parameters of Ni()-1IP for Ni(n)

Langmuir adsorption
isotherm

Freundlich adsorption
isotherm

Ky =3.80mgg "
n=271
R* =0.9224

m=122.53mgg "
K=1477Lg™"
R* = 0.9990
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The plots of Langmuir and Freundlich isotherm models are
presented in Fig. 9 and the parameters of two isotherm models
are given in Table 3. The results showed that the correlation
coefficients of the Langmuir model (R*> = 0.9990) was closer to 1
than that of the Freundlich model (R> = 0.9224). Moreover, the
calculation value of the maximal adsorption capacity (22.53 mg
g~ ') from the Langmuir model was very close to the experi-
mental value (20.30 mg g~ '). Therefore, Langmuir model was
suitable to depict the adsorption isotherm of Ni(u) on Ni(u)-IIP,
that is to say, the adsorption of Ni(u) on Ni(u)-IIP is a monolayer
adsorption on the surface of the sorbent.*

3.3 Adsorption selectivity

To assess the selectivity of Ni(u)-IIP and Ni(1)-NIP, the selec-
tive adsorption experiments were conducted by selecting
Co(u), Cu(u), Zn(u) and Pb(u) as competitive ions because they
have the same charge and similar size and coexist in natural
sources. The data of the distribution coefficient (D), the
selectivity coefficient (k) of Ni(n) with respect to other
competitive ions and relative selectivity coefficients (k') are
listed in Table 4. As shown in Table 4, D values of Ni(u)-IIP for
Ni(u) were greater than those of Ni(u)-NIP, besides the Ni(u)-
IIP exhibited much greater k value for Ni(u) than other
competitive ions. Furthermore, k' values for Ni(i)/Co(u), Ni(1)/
Cu(u), Ni(1)/Zn(u) and Ni(u)/Pb(u) were 4.09, 3.62, 5.78 and
5.86, respectively, which was greater than 1. The results
revealed that Ni(u)-IIP had high selectivity for Ni(u) in binary
systems. As is known to all, based on the hard-soft acid-base
theory, sulfonic acid functional group (-SO3;H) belongs to
borderline base, which can form complex with borderline acid
more readily than hard or soft acids. In this study, although
Ni(u1), Co(u), Cu(u), Zn(u) and Pb(u) are all of borderline acids,
Ni(u)-IIP still has strong selective adsorption of nickel(n) in
the presence of other interfering ions. This may be the
following two reasons. First, it may be the cavity size selec-
tivity. The ionic radius of Ni(u), Co(u), Cu(m), Zn(u) and Pb(u)
are 0.069, 0.065, 0.073, 0.074 and 0.119 A, respectively. Cu(i),
Zn(u) and Pb(u) with greater size than Ni(u) can not enter the
imprinted cavities of Ni(u)-IIP, while Co(u) with smaller size
do not match the imprinted cavity. Second, it could be

This journal is © The Royal Society of Chemistry 2017
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Table 4 Selectivity parameters of Ni(i)-IIP and Ni(i)-NIP
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Distribution ratio D (mL g~ ")

Relative selective

Binary system Sorbent D (Ni) D (M) Selectivity coefficient & coefficient &/

Ni(m)/Cof(n) Ni(m)-1IP 2705.29 585.02 4.62 4.09
Ni(11)-NIP 286.04 254.30 1.13

Ni(m)/Cu() Ni(m)-1IP 2479.56 705.78 3.51 3.62
Ni(u)-NIP 265.09 274.65 0.97

Ni(u)/Zn(u) Ni(m)-1IP 3218.25 535.67 6.01 5.78
Ni(u)-NIP 297.84 287.51 1.04

Ni(u)/Pb() Ni(m)-1IP 3245.09 485.90 6.68 5.86
Ni(u)-NIP 309.21 272.24 1.14

attributed to the coordination geometry selectivity. Ni(ir)-IIP
can provide the functional groups which coordinate with Ni(u)
in a specific geometric space structure, accordingly, despite
many metal ions which belong to borderline acid in this work
have high affinity with sulfonic acid groups, the sorbent still
exhibits high selectivity for Ni(u). The results indicated that
coordination geometry selectivity may be the main reason in
the selective adsorption process.

3.4 Desorption and reusability

The reusability of the sorbent is one of the most important
parameters for its practical application. Desorption experi-
ments of the Ni(u) loaded Ni(u)-IIP were also conducted by
a batch method. In order to find a suitable eluent, three kinds of
eluents, HCI (0.5 mol L"), H,S0, (0.5 mol L"), and HNO;
(0.5 mol L%, 1.0 mol L™* and 2.0 mol L™ %) solutions were used
for desorption experiments. HNOj; solution was found to be the
most effective eluent to remove the adsorbed Ni(u), and a high
recovery (99.2%) was obtained when the concentration of eluent
was up to 2.0 mol L™, It can be explained that the nitrogen and
oxygen atoms used as donors strengthened the protonation of
the sulfonic acid group. Consequently, 10 mL of 2 mol L™*
HNO; solution was selected as an eluent to desorb Ni(u)
adsorbed on the sorbent.

100 |-
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Fig. 10 Desorption and reusability of Ni(i)-1IP.

This journal is © The Royal Society of Chemistry 2017

To study the reusability of the prepared Ni(u) ion-imprinted
polymer, the adsorption-desorption cycle of Ni(u) on the Ni(u)-
IIP was repeated six times and the results are shown in Fig. 10. It
can be seen that the recovery of Ni(u)-IIP for Ni(i1) was only 4.9%
lower after six adsorption/desorption cycles. The results showed
that the prepared Ni(u) ion-imprinted polymer had excellent
reusability for Ni(i) adsorption.

3.5 Analytical performance and real sample analysis

In order to assess the analytical precision of the proposed
method, under the selected conditions in this study, six
portions of standard solutions of Ni(u) (GBW(E)080128, 100 ug
L") were adsorbed and determinated. The Ni(i) concentration
of the proposed method was calculated to be 99.78 + 2.64 pg
L™, which was in good agreement with the certified value, the
relative standard deviation (RSD, %) of the method was 2.65%.
The results indicated that the proposed method was suitable for
analyzing Ni(u) in aqueous solution.

The proposed method was used for the analysis of Ni(i) in
natural water samples by using standard addition method. As is
shown in Table 5, the recovery of Ni(i1) ions was over 98%, which
indicated that the proposed method was suitable for selective
separation of Ni(u) from natural water.

3.6 Comparison with other Ni(u) imprinted sorbents

The adsorption properties of Ni(u)-IIP for Ni(u) ion was
compared with other Ni(u) imprinted sorbents reported in the
literature listed in Table 6. It can be seen Ni(u)-IIP exhibits
higher adsorption capacity and good selectivity. In addition, the
shorter adsorption time (less than 12 min) and the stability of
Ni(u)-IIP for Ni(u) ion are other advantages in comparison to
some other sorbents for the removal of Ni(u) ion. Therefore, the

Table 5 Analysis of Ni(i) in real water samples

Samples Added (ug L) Found (ug L) Recovery (%)
Tap water 0 0.68 £ 0.04 —
5 5.57 £ 0.03 98.15
10 10.53 £ 0.04 98.61
Lake water 0 1.63 £ 0.03 —
5 6.58 + 0.02 99.26
10 11.56 £ 0.04 99.43

RSC Adv., 2017, 7, 1510215111 | 15109
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Table 6 Comparison of adsorption properties of some surface-imprinted sorbent for Ni(i) ion

Functional monomers Adsorption capacity (mg g~ ") Relative selective coefficient References
3-Aminopropyltrimethoxysilane 12.61 32.83% 45.99%, 43.79°, 28.367 19
Vinylbenzyl iminodiacetic acid 12.00 — 36
1,5-Diphenylcarbazide 40.29 17.6% 5.9%, 18.8¢, 20.6¢ 37
1-(Pyridin-2-yl)-N-(3-vinylbenzyl) methanamine 11.74 4.8° 38
Chitosan 38.49 — 22
2-Acrylamido-2-methyl-1-propanesulfonic acid 20.30 4.09 3.62%, 5.78°, 5.86 This work

@ Ni2*/Co*". ® Ni?*/Ccu?'. ¢ Ni®*/zn?". ¢ Ni®'/Pb>".

results indicated that the prepared Ni(u) surface-imprinted gel
polymer is a promising candidate for the removal of Ni(u) ion
from aqueous solution.

4. Conclusion

In the present study, a new Ni(u) surface-imprinted sulfonate
functionalized silica gel sorbent was synthesized by surface
imprinting technique. The obtained Ni(u)-IIP was used to
investigate adsorption of Ni(un) from aqueous solution. The
results showed that the prepared surface imprinted polymer
had fast adsorption rate, high adsorption capacity and good
selectivity towards Ni(u) at an optimum pH 7 due to the recog-
nition cavities of Ni(u)-IIP highly matched with Ni(u) in size,
shape and coordination geometry. The adsorption kinetics of
the sorbent followed the pseudo-second-order rate equation
and the adsorption isotherm was well fitted by the Langmuir
model. The sorbent can be reused for many times without
significantly reducing its adsorption capacity. The proposed
method was suitable for analyzing Ni(u) in aqueous solution. It
can be concluded that the synthesized Ni(u) surface-imprinted
silica gel sorbent is a promising sorbent for selective separa-
tion of Ni(u) from natural water.
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