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ABSTRACT

To achieve a fast adsorption and a high adsorption capacity, a new type of Cr(VI) surface ion
imprinted polymer (Cr(VI)-IIP) using y-ureidopropyltrimethoxysilane as a functional monomer was
prepared and characterized by scanning electron microscope (SEM) and fourier transform infrared
spectroscopy (FTIR). The adsorption capacity of Cr(VI)-IIP was 1.96 times as high as NIP under the
optimum conditions: the initial concentration of Cr(VI) ions was 100 mg/L, dosage of Cr(VI)-IIP was
0.01 g, pH value was 2, temperature was 303.15 K. The adsorption process of Cr(VI)-IIP followed
pseudo-second-order kinetic model (R?> 0.99) and Langmuir adsorption isotherm model(R?> 0.99).
Results of intraparticle diffusion and external mass transfer models showed that the adsorption pro-
cess was controlled by liquid film diffusion and intra-particle diffusion model. The adsorption pro-
cess belonged to the endothermic reaction and could occur spontaneously. Cr(VI)-IIP showed good
selectivity and the relative selectivity coefficients were 4.79, 3.44 and 4.50 for Cr(VI)/Cu(I), Cx(VI)/
Cd(I) and Cr(VI)/Zn(II), respectively.

Keywords: Cr (VI)-ion surface imprinted polymer; Adsorption; Hexavalent Chromium Ions; Kinetics;
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1. Introduction

In recent years, heavy metals caused serious water
contamination because they are toxic and could cause great
harm to human and environment. Among these heavy
metals, hexavalent chromium (Cr(VI)) is highly toxic and
well known as a carcinogen [1], which is the second most
abundant inorganic contaminant in groundwater [2]. The
Cr(VI) in the environment is mainly from the emission of
electroplating, metallurgy, leather processing etc., causing a
tremendous threat to environment and human health [3,4].
Therefore, it is necessary to remove Cr(VI) from wastewater.
The common chemical treatment methods, such as chemical
precipitation method [5], ion-exchange method [6], mem-
brane separation method [7], etc., existing a variety of prob-

*Corresponding author.

lems including the secondary pollution, expensive, energy
consuming, etc. Adsorption is widely used to remove
Cr(VI) ions from wastewater because of its simple opera-
tion and high removal rate. However, adsorbents such as
chitosan [8], active carbon [9], and carbon nano tubes [10]
have the disadvantages of poor selectivity and specificity
towards target ions. Therefore, there is an urgent need to
develop inexpensive and environmentally friendly adsor-
bents to Cr(VI) ions in the aqueous solution.

Ion imprinting technique is derived from molecular
imprinting technology. Specific recognition sites on the sur-
face of ion imprinted polymers (IIPs) can identify metal ions,
solIPshave good capability to adsorb and detectheavy metal
ion in water [11,12]. Because of low cost and specific recog-
nition capability, IIPs have attracted more and more atten-
tion. Currently, Cr(VI) ion-imprinted polymers have been
synthesized and used to adsorb chromium ions in waste-
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water. Bayramoglu et. al. [13] synthesized the Cr(VI)-ion
imprinted poly (4-vinyl pyridine-co-2-hydroxyethyl meth-
acrylate) by bulk polymerization to remove Cr® selec-
tively, the maximum adsorption capacity was 3.31 mmol/g.
Pakade et. al. [14] synthesized a novel Cr(VI)-imprinted
polymer by copolymerization of quaternised linear copoly-
mer, the optimum stirring time and the optimum dosage of
Cr(VI)-imprinted polymer were 120 min and 130 mg. Nas-
tasovic et al. [15] prepared poly(GMA-co-EGDMA)-en and
poly(GMA-co-EGDMA)-deta using suspension copolymer-
ization technique. The adsorption capacities were 2.11 and
1.48 mmol/g, respectively. However, the above-mentioned
polymers have different limitations, such as long adsorp-
tion equilibrium time and small adsorption capacity.

Compared with conventional ion imprinting technol-
ogy, surface ion imprinting technique has the advantages
of accessible binding sites, easy mass transfer and fast
removal of template ions etc [16,17]. Li et al. [18] prepared
Cr(VI)-anion imprinted polymer (IIP-PEI/SiO% with high
performances using surface imprinting technique. The
equilibrium adsorption amount was 100 mg/g, but the
selectivity coefficient was only 12.23 for Cr(VI)/PO*". Liu
et al. [19] prepared Cr(IlI)-imprinted polymer by surface
imprinting technique on the support of mesoporous silica
for the adsorption Cr (III) and the adsorption capacity was
38.50 mg/g. According to above researcher’s literature, the
development of new surface ion imprinting polymers with
high property is needed in order to remove Cr(VI) ions in
the aqueous solution.

The overall objectives of this study was synthesizing a
new type of Cr(VI)-ion surface imprinted polymer (Cr(VI)-
IIP) with hexavalent chromium ions as the template ions,
y-ureidopropyltrimethoxysilane as the functional monomer,
2,2-azobisisobutyronitrile (AIBN) as the initiator and eth-
yleneglycol dimethacrylate (EGDMA) as the cross-linking
agent via the surface ion imprinting technique. Scanning
electron microscope (SEM) and fourier transform infrared
spectrometry (FTIR) were adopted to analyzed the char-
acterization of Cr(VI)-IIP. The influences of initial con-
centration of Cr(VI) ions, pH values, adsorption time and
temperatures on the adsorption capacity were studied in
detail. In addition, adsorption kinetics and thermodynamics
were also investigated to evaluate the adsorption process.

2. Experimental
2.1. Chemicals and instruments

All of chemicals used in the experiments were of analyti-
cal reagent grade. Potassium dichromate (K*Cr?0¥’), ethanol,
acetone, silica gel (100-200 mesh), y-ureidopropyltrime-
thoxysilane, CuSO,-5H,0, CdCl,-2.5H,0, Zn(NO,),-6H,0,
and sodium hydroxide (NaOH) for pH adjustment were
purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. 2, 2-Azobisisobutyronitrile (AIBN) was obtained
from Shanghai Four Hervey Chemical Co., Ltd., China. Eth-
yleneglycol dimethacrylate (EGDMA) was obtained from
ACROS Organics (New Jersey, USA.). Hydrochloric acid
(HCI) for pH adjustment was supplied by Tianjin Jin Feng-
Chuan Chemical Co., Ltd., China. Double distilled water
(DDW) was prepared by Milli-Q advantage purification
system (Merck Millipore Ltd., France).

The measurement of Cr(VI) was carried out with a SP-752
UV-visible spectrophotometer (Shanghai Spectrum Instru-
ments Co., Ltd.). The concentrations of Cd(Il), Zn(Il) and
Cu(Il) ions were measured by TAS-990 flame atomic adsorp-
tion spectrometer (FAAS) (Beijing General Instrument Co.,
Ltd., China). The measurement of pH values were carried out
by a pHS-3C digital pH meter (Shanghai Precision & Scientific
Instrument Co., Ltd., China). Fourier transform infrared spec-
tra (FT-IR, 4500 cm™-500 cm™) (Bruker, Germany) with KBr
pellets was recorded by Bruker Tensor 27 FI-IR spectrome-
ter. JSM-7100F field emission scanning electron microscope
(SEM) (Japan Electron Optice Laboratory Co., Ltd., Japan)
was employed to analyze the polymer morphology.

2.2. Preparation of Cr (VI)-ion surface imprinted polymer

Silica gel was activated by 3 mol/L hydrochloric acid
(HCl). After stirring continuously for 24 h at 323.15 K, the
mixture was filtered and washed to neutral pH using dis-
tilled water. Then the activated silica gel was dried in a vac-
uum oven.

0.6177 g K.Cr,O, was added to the system of ethanol —
acetone — distilled water (5:3:5, V/V/V) in a flask and was
stirred for 1 h at 323.15 K. 2.425 g y-ureidopropyltrimethox-
ysilane dissolved in 10.0 mL of methanol, adding into the
flask and stirring continuously for 1 h, then 3.0 g of acti-
vated silica gel was added. After purification with nitrogen
for 15 min, keeping stirring for 8 h. Then 0.115 g AIBN was
dissolved in 20.0 mL of ethanol and 3.7 mL of EGDMA and
the mixture was added within 8 h. Finally, the product was
washed several times with ethanol and water. After drying,
the product was eluted with 1 mol/L HCI until Cr(VI) ions
were not detected. Then, it was filtered and washed to neu-
tral pH with double distilled water. The prepared product
was dried at 323.15 K in a vacuum. Fig. 1 clearly shows the
preparation process of Cr(VI)-ion surface imprinted poly-
mer (Cr(VI)-IIP). In order to compare with Cr(VI)-IIP, the
corresponding non-imprinted polymer (NIP) was prepared
by the same method without adding template ion.

2.3. Adsorption experiments

Batch adsorption experiments were carried out by
adding 0.01 g of Cr(VI)-IIP into 50 mL of different initial
concentrations of Cr® solutions for 80 min in different tem-
peratures. Equilibrium adsorption capacity g, (mg/g) and
adsorption amount g, (mg/g) at time f (min) of Cr®* ions can
be obtained according to Egs. (1) and (2).

qg:Ci_chU (1)

=% @

where ¢, (mg/L) represents the concentrations of metal ions
at time t (min), ¢, (mg/L) and ¢_ (mg/L) are the initial and
final concentration of heavy metal ions in solution, v (L) is
the volume of solution and m (g) is the weight of Cr(VI)-IIP
and NIP.
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Fig. 1. Synthesis route of Cr(VI) ion imprinted polymer.

3. Results and discussion
3.1. Surface morphology of Cr(VI)-I1IP

The surface morphology was analyzed by SEM with a
scanning voltage of 10 kV and is shown in Fig. 2. The sur-
face of Cr(VI)-IIP have irregular holes which belonged to
active sites after elution. Cr(VI)-IIP with the unique porous
structure has larger surface area that would be benefit to the
adsorption process.

3.2. FTIR spectra of Cr(VI)-IIP

Cr(VI)-IIP and NIP were characterized by FTIR spec-
troscopy. The FTIR spectra showed that both Cr(VI)-IIP
and NIP had a similar backbone, as shown in Fig. 3. A
peak at 1640cm™'~1650 cm™ represents the vibration of
-CONH?, while an intense and broad band at 1100 cm™
can be considered to the stretching vibrations of Si-O-C
of Cr(VI)-IIP. The bands at 804 cm™ and 468 cm™ repre-
sent O-5i-O and Si-O of silanol groups. Compared with
Cr(VI)-IIP, the characteristic peaks of NIP were changed
slightly in intensity. Results suggested that the monomer
have successfully reacted with silica gel, hence the syn-
thesis of Cr(VI)-IIP is feasible.

3.2. Adsorption effect of Cr(VI)-1IP towards Cr(VI) ions

3.2.1. Effect of initial concentration of Cr(VI) ions in the
aqueous solution on the adsorption

Fig. 4 displays the effect of different initial concen-
trations of Cr(VI) ions on the adsorption capacity of
Cr(VID)-IIP and NIP clearly. At 303.15 K, the adsorption
experiments were carried out in the initial concentration
of Cr(VI) ranged from 10 to 200 mg/L at pH = 2.0. As
shown in Fig. 4, the adsorption capacity of Cr(VI)-IIP
increased from 15.2 mg/g to 41.5 mg/g when the ini-
tial concentration of Cr(VI) was increased from 10 mg/L
to 100 mg/L. However the adsorption capacity of NIP
only increased from 9.1 mg/g to 21.2 mg/g. The adsorp-

Fig. 2. SEM image of Cr(VI)-IIP.
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Fig. 3. FTIR curves of Cr (VI)-IIP and NIP.
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Fig. 4. Effect of Cr (VI) initial concentration on the adsorption
capacity of Cr (VI)-IIP and NIP.

tion capacity of Cr(VI)-IIP and NIP reached saturation
when the initial concentration of Cr(VI) ions achieved
100 mg/L, due to the imprinted sites of Cr(VI)-IIP were
occupied gradually and finally reached saturation as the
concentration of Cr(VI) ions in the solution increased.
Thus, when the value of concentration of Cr (VI) ions in
the solution was greater than 100 mg/L, the amount of
adsorption was not significantly changed. It can be seen
from Fig. 4 that the adsorption capacity of Cr(VI)-IIP was
twice as high as NIP. It was probably due to the imprinted
sites on the Cr(VI)-IIP, whose shape and size match with
Cr(VI) ions, leading to the increase of the adsorption
capacity. Thus, the optimal concentration of Cr (VI) ions
used in subsequent experiments was 100 mg/L.

3.2.2. Effect of adsorption time on the adsorption capacity

Fig. 5 shows the adsorption capacity increased as the
adsorption time increased. As shown in Fig. 5, the adsorp-
tion process can be divided into three stages. The first
stage belonged to linear growth phase: the adsorption
capacity increased rapidly from 0 to 22.3 mg/g within
5 min. The second stage was the slow growth phase:
the adsorption amount increased by 19.2 mg/g within
35 min. The final stage was the stage of saturation: the
adsorption capacity did not change significantly after 40
min in this stage. It can be concluded that the entire pro-
cess was fast and the adsorption equilibrium achieved
within 40 min because there were many imprinted sites
on the prepared Cr(VI)-IIP, thus Cr(VI) ions could bind
with the imprinted cavities quickly.

3.2.3. Effect of pH on the adsorption

Cr(VI) exists in various forms at different pH values,
such as Cr,0,>, HCxrO,, CrO*, H,CrO,. According to the
literature [20], H,CrO, is the main form in the solution when
the pH value is less than 2.0; when pH value is 7.0 or more
than 7.0, Cr(VI) is mainly in the form of CrO,*; HCrO, and
Cr,0,> both exist at pH 2.0-6.0 and the balance expressions
are listed below.
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Fig. 5. Effect of adsorption time on the adsorption capacity of
Cr (VI)-IIP.

HCrO, < CrO,> +H* ®)
H,CrO,” <> HCrO,” +H* 4
Cr,0,* + H,0 <> 2HCrO,” (5)

As one of most important factors affecting the adsorption
capacity, the effect of pH value on the adsorption capacity
was also studied in this work. The results shown in Fig. 6
indicate that the adsorption capacity of Cr(VI)-IIP for Cr(VI)
ions decreased with the pH value increased. The adsorp-
tion capacity of Cr(VI)-IIP was achieved 41.5 mg/g at pH
2.0. However, the adsorption capacity decreased sharply
to 20.2 mg/g with pH value increased from 2.0 to 4.0. It
is probably due to that in acid environment, the ability of
-NH, protonation was promoted with the decreasing of pH
value, Cr,0,* and HCrO, predominated when pH value
was in the range from 2.0 to 6.0, according to Eqgs. (4)-(5).
Thus there was a strong adsorption for chromium ions.

3.2.4. Effect of temperature on the adsorption

Temperature is another important factor affecting the
adsorption capacity. As shown in Fig. 7, the adsorption
capacity increased from 31.4 mg/g to 41.5 mg/g when the
temperature rose from 293.15 K to 303.15 K. Results showed
that the adsorption rate was accelerated as the tempera-
ture increased, leading to the increase of adsorption capac-
ity. However the adsorption capacity rapidly decreased to
24.3 mg/g under the temperature of 313.15 K. In short, the
effect of temperature on the adsorption capacity is signifi-
cant. 303.15 K was selected as the optimum temperature in
this experiment.

3.3. Adsorption kinetics of Cr(VI)-1IP

The common means of characterizing the adsorption
rate is the adsorption kinetics [21]. Pseudo-first-order and
pseudo-second-order kinetic models were used to fit the
experimental data to calculate the adsorption rate constants.
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Based on the adsorption of solution from a solid-liquid sys-
tem, one of commonly used model is Lager gren’s equation for
pseudo-first order kinetic [22], which can be expressed by Eq. (6):

In(q, —g,) =In(q,.4) — kit (6)

where g_(mg/g) and q, (mg/g) represent the experimen-
tally calculated capacity at equilibrium and at time ¢ (min)
respectively; q, (mg/g)is the calculated adsorption amount
according to the pseudo-first-order equation and k, (min™')
is the rate constant of pseudo-first-order adsorption.

The pseudo-second order equation can be written as fol-
lows [23]:

1
LA S 7)
G k2 (qZCul ) qZCuI
where k, (g-g”' min™) represents the rate constant of pseu-

do-second order kinetic model and g,  (mg/g) is the
calculated adsorption amount according to the pseudo-sec-
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ond-order equation, while g, carries the same meanings as
previously defined.

The optimal kinetic model need to be chosen accord-
ing to the calculated adsorption amount (g_,) and the
linear correlation coefficient (R?). The linear fit of the
pseudo-first-order and pseudo-second-order kinetics are
shown in Fig. 8. Corresponding linear regression correla-
tion coefficient (R?), the rate constant (k), the calculated
adsorption amount (g_,) and experimentally adsorption
capacity (q,) are listed in Table 1.

On one hand, compared the Fig. 8(a) with 8(b), it can be
clearly seen that all the points on Fig. 8(b) are distributed uni-
formly on both sides of the lines. In addition, the distribution
of R™? value (0.77964~0.95664) are scattered and are relatively
small at different pH values, while the values of R* are
greater than 0.99. Results indicated that Cr(VI) adsorption
with Cr(VI)-IIP at five different pH values followed the pseu-
do-second-order, not the pseudo-first-order kinetic model.

On the other hand, the calculated adsorption amount
q,., from the pseudo-first-order kinetic model is significantly
lower than the experimental values at five different pH val-
ues. However the calculated values g, , using the pseudo-sec-
ond-order equation are very close to the experimental ones.
Compared with the adsorption capacity at other pH values,
the difference between the calculated value g, ,(43.20 mg/g)
and the experimental value (41.56 mg/g) is the biggest under
pH = 2; the difference is only 1.64 mg/g from the experimen-
tal one. It can be further concluded from these results that the
pseudo-second-order kinetic can better describe the Cr(VI)
adsorption onto Cr(VI)-IIP, suggesting that the adsorption
was mainly chemisorption as a rate controlling step [24].

Using the pseudo-first-order and pseudo-second-or-
der kinetics to describe the diffusion mechanism is short
of accurateness, the adsorption mechanism was further
investigated according to intra particle diffusion and
external mass transfer. Intra particle diffusion equation
and liquid film diffusion equation are given as follows
respectively:

ge = kat'* + ¢ 8)
In(1-F) =k t )

where k9 (mg g min®) represents the rate constant of
intra-particle diffusion model, which can be calculated from
the slope of the plot of g, vs. t'/2 F(g/q) is the fractional
attainment of equilibrium, and k, (cm/s) is the rate constant of
film diffusion model calculated from the plot of In(1-F) vs. t.

The linear plot of intra particle diffusion model for
Cr(VI) adsorption onto Cr(VI)-IIP at five different pH val-
ues is shown in Fig. 9. The parameters of intra particle diffu-
sion and external mass transfer are shown in Table 2.

As is shown in Table 2, the intercepts of plot of g, vs.
72 is not zero, indicating that the adsorption process was
multi-step limited to control the adsorption rate. How-
ever, the plot of [n(1-F) vs. t did not go through the origin,
revealing that the adsorption of Cr(VI) using Cr(VI)-IIP was
controlled by intra particle diffusion model.

As what can be seen clearly from Fig. 9, the Cr(VI)
adsorption onto Cr(VI)-IIP at different pH values were
divided into three stages. The first stage, namely fast adsorp-
tion process, was occurred in the initial 10 min. The second
stage, namely gradual adsorption process from 10 to 40
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Fig. 8. Pseudo-first-order (a) and Pseudo-second-order (b) kinetics of Cr(VI) adsorption onto Cr(VI)-IIP at five different pH values.

Table 1

Pseudo-first-order and pseudo-second-order rate constants for Cr (VI) adsorption onto Cr (VI)-IIP at different pH values

pH q,(mg/g) Pseudo-first-order model Pseudo-second-order model
R? k, (min™) 1 (ME/8) R;? k, (g/mg min) G (MB/8)
2 41.56 0.9566 0.0643 32.99 0.99226 5.63x107 43.20
3 27.32 0.9264 0.0578 21.55 0.99233 8.32x107 29.14
4 20.23 0.7796 0.0486 13.97 0.99684 1.65x1072 21.05
6 19.22 0.8513 0.0544 13.84 0.99309 1.40x102 20.10
8 17.20 0.8202 0.0516 12.06 0.99553 1.77x102 1792
45 increased as the adsorption time increased, indicating that
i B —a . the l'iq.uid film di.ffusionl mechanism bec.ame more and more
[mpH=2 significant with increasing adsorption time.
351 |e pH=3
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Fig. 9. Intra particle diffusion model for Cr (VI) adsorption onto
Cr (VI)-IIP at five different pH values.

min, was controlled by liquid film diffusion and intra-par-
ticle diffusion model. The third stage, namely adsorption
equilibrium process, was occurred after 40 min where the
two diffusion models started to slow down. In addition, it
was observed that the values of ¢, ¢, and c, for three stages

different initial concentrations of Cr(VI) with 0.01 g Cr(VI)-
IIP or NIP for 60 min at pH = 2. Langmuir isotherm model
and Freundlich isotherm model were adopted to assess the
adsorption performance of Cr(VI)-IIP. Isotherm equations
[25] are shown as follows:

e 1
q:: qu qm

where ¢ (mg/L) and g_ (mg/g) are the final concentration
and the adsorption capacity of Cr(VI), respectively; g _
(mg/g) defines the maximum adsorption capacity which is
the slope of the straight line ¢ /g, vs. c; k (L/mg) represents
the constant of Langmuir model.

+ & (10)

Ince

Inq, = Ink, + (11)

n

where k, (mg/g) is Freundlich constant calculated from the
intercept of the line Inc_vs. Inq,, indicating the adsorption
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Table 2
The parameters of intra particle diffusion and external mass transfer for Cr (VI) adsorption onto Cr (VI)-IIP
pH Intra-particle diffusion model Liquid film model
k. k. k. c, c, c, k, x 107 Intercepts
2 8.5934 4.7418 —-0.0022 0.8303 10.5898 40.5084 6.02 0.6146
3 5.5590 2.8644 -0.0011 1.8387 8.8450 27.3288 6.13 0.6395
4 49510 1.5299 0.0981 —-0.1920 10.2652 20.1318 5.50 0.6973
6 49249 1.4882 -0.4774 0.7812 8.9557 23.3405 5.37 0.6802
8 4.9890 1.5490 0.0981 -1.7537 71253 17.0967 5.70 0.6856
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Fig. 10. Linear fit of Langmuir (a) and Freundlich (b) isotherm model for Cr (VI) adsorption onto Cr (VI)-IIP and NIP.

Table 3

Isotherm parameters for Cr (VI) adsorption onto Cr (VI)-IIP and NIP

Adsorbents q, (mg/g) Langmuir model Freundlich model

R? q, k R? 1/n k.
Cr(VD)-IIP 41.56 0.9900 46.64 0.06499 0.8662 0.6718 211
NIP 21.23 0.9914 24.00 0.07378 0.9066 0.5704 1.58

amount; n represents also Freundlich constant obtained
from the slope the line Inc, vs. Inq,, which is a symbol of
the adsorption intensity named the surface heterogeneity
index.

The linear fit of Langmuir and Freundlich isotherm
model for Cr(VI) adsorption onto Cr(VI)-IIP and NIP
is shown in Fig. 10. The isotherm parameters, including
corresponding linear regression correlation coefficient and
adsorption constants of Langmuir and Freundlich model
are summarized in Table 3. As what can be seen from the
comparison between Fig. 10a and 10b, all points in Fig. 10a
are evenly distributed on both sides of two lines, however
all the points in Fig. 10b are centralized. When the correla-
tion coefficient R?was used as the criterion to evaluate the
goodness of the model with the experimental data, the val-

ues of R? obtained from the Langmuir model were 0.9900
and 0.9914 for Cr(VI) adsorption using Cr(VI)-IIP and NIP,
respectively, while the R? values of Freundlich model were
0.8662 and 0.9066 respectively. Langmuir model could
describe the adsorption of Cr(VI) onto Cr(VI)-IIP and NIP
well. In addition, the values of q_ calculated by the Lang-
muir model for Cr(VI)-IIP and NIP were 46.64 mg/g and
24.00 mg/ g respectively, which were relatively close to the
experimental adsorption capacity (Cr(VI)-IIP and NIP are
41.56 mg/g and 21.23 mg/g). Thus the adsorption process
of Cr(VI) onto Cr(VI)-IIP and NIP was more similar to the
Langmuir adsorption model than Freundlich adsorption
model. Furthermore, the constants of Freundlich adsorp-
tion model were 0.6718 and 0.5704 for Cr(VI)-IIP and
NIP, indicating that the adsorption process of Cr(VI) onto
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Cr(VI)-IIP and NIP was based on a typical mono-molecu-
lar layer adsorption process.

3.5. Thermodynamic studies

In order to determine the spontaneity of adsorption pro-
cess, both energy and entropy factors should be considered.
Hence, 0.01 g of Cr(VI)-IIP was added into 50 mL 100 mg/L
Cr solution at different temperatures at pH = 2. The ther-
modynamic parameters of the adsorption process were cal-
culated according to Egs. (12)—(14):

AG' = —RTlnke (12)
0 0
Ago = AH —AG 13)
T
AH’
lnkc =— +C
T (14)

where AG’, AH’, AS’ represents change in standard free
energy, change in standard enthalpy and change in stan-
dard entropy, respectively. k. (mL/g, q,/c) and R (8.314
J-mol™-K™") are equilibrium constant and the universal gas
constant, respectively.

The calculated thermodynamic parameters are listed in
Table 4. As is shown in Table 4, all the values of AG® are
less than 0 at different temperatures, suggesting that the
adsorption process of Cr(VI) ions on the Cr(VI)-IIP was
spontaneous. Meanwhile, the absolute value of AG° at
303.15 K is maximum, illustrating that 303.15 K is the opti-
mum adsorption temperature. A positive value of AH® sug-
gested that the adsorption process belonged to endothermic
reaction, indicating that elevating the temperature is bene-
ficial to the increase of adsorption capacity. But the value of
AH’is more than 5 kJ-mol™, revealing that the effect of tem-
perature on the adsorption process was more significant. It
is consistent with above results. AS° > 0, that is, the entropy
was increased in the adsorption process, suggesting that the
adsorption of Cr(VI) ions onto Cr(VI)-IIP was a randomness
increasing process at solid-liquid interface [26]. The solvent
desorbed from Cr(VI)-IIP first, then the solute adsorbed on
the Cr(VI)-IIP. The entropy was increased in the desorption
process and the entropy was decreased in the adsorption
process. The change of entropy in desorption was higher
than adsorption, so that AS°was positive. When a Cd(II) ion
was adsorbed on the Cr(VI)-IIP, a water molecule would be
desorbed and the change of entropy caused by water mole-
cule was higher than Cd(II) ion.

3.6. Selective studies

In order to verify the specificity of Cr(VI)-IIP for Cr(VI)
adsorption, Cu(Il), Cd(Il) and Zn(Il) were selected as the
competitive ions and mixed with Cr (VI) ions to form the
binary mixed solutions respectively. The concentration of
Cr(VI), Cu(ll), Cd(II) and Zn(II) in the solution were all
100 mg/L. 0.01 g of Cr(VI)-IIP or NIP was added into 50
mL binary mixture solutions at pH = 2 for 40 min. The con-
centration of Cr® and competitive ions (Cu(Il), Cd(II) and
Zn(II)) in the solution were detected by UV-Vis spectropho-

Table 4
Thermodynamic parameters calculated for the adsorption of
Cr (VI) ions on the Cr (VI)-IIP

Temperature/K InK®  AG°/ AH/ ASY/
kJ-mol™! kJ-mol™! J-mol™!
293.15 5.57 -13.57 74.87
303.15 6.11 -15.39 8.38 7841
313.15 5.78 -15.03 74.78
Table 5

Selectivity coefficient for Cr (VI) adsorption onto Cr (VI)-IIP
and NIP

Metal ions NIP Cr (VD)-IIP
K,(mL/g) k k,(mL/g) k kK’

Cr(Vl)/ 159.39 048  498.27 231 479
Cu(II) 331.02 21591

Cr(VD)/ 167.18 071 47616 246 344
Cd(I1) 234.24 193.69

Cr(VD)/ 190.06 479.34

Zn(II) 221.82 0.86 124.39 385 4.50

tometer and FAAS, respectively. The distribution coefficient
k, (mL/g), selectivity coefficient k, and the relative selectiv-
ity coefficient k" were calculated according to the formulas
(13)—(15) and the results are listed in Table 5.

kd=Ci—CeX£ (15)
Ce m
k _ kd(c:v(Vl)) (16)
kd(M(n))
e kp) (17)
kwipy

where m represents competitive ions, other terms compris-
ing the same meanings have been explained in the forego-
ing equation.

From Table 5, the selectivity coefficients k were 4.79,
3.44 and 4.50 for Cr(VI)/Cu(ll), Cr(VI)/Cd(ll) and Cr(VI)/
Zn(I1), respectively, while the selectivity coefficients k of NIP
were only 0.48, 0.71 and 0.86 respectively. It could be con-
cluded that Cr(VI)-IIP can selectively adsorb Cr(VI) when
competitive ions coexist in the system, compared with NIP.
In addition, the relative selectivity coefficient k”is an indica-
tor to illustrate the affinity of Cr(VI)-IIP. The values of k” for
Cr(VI)/Cu(Il), Cr(VI)/Cd (II) and Cr(VI)/Zn(II) were found
to be 4.79, 3.44 and 4.50, suggesting that the selectivity of
Cr(VI)-IIP towards the Cr(VI) ions were 4.79, 3.44 and 4.50
times greater than Cu(Il), Cd(II) and Zn(II), respectively.

4. Conclusions

A novel chromium ion imprinted polymer was synthe-
sized for the removal of Cr® from the aqueous solution,
using Cr(VI) as template ion, y-aureidopropyltrimethox-
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ysilane as the functional monomer, 2, 2-zobisisobutyroni-
trile (AIBN) as initiator and ethyleneglycol dimethacrylate
(EGDMA) as cross-linking agent via surface ion imprinting
technique. The Cr(VI)-IIP and NIP was characterized by
SEM and FTIR. It was found that the optimum adsorption
conditions for Cr(VI)-IIP were pH 2.0 at 303.15 K for 40 min.
The adsorption capacity of Cr(VI)-IIP were twice higher
than NIP at the initial Cr(VI) concentration of 100.0 mg/L
under the optimum conditions. The pseudo-second-order
kinetic model (R*> 0.99) and Langmuir adsorption iso-
therm model (R*> 0.99) was more suitable to describe the
Cr(VI) adsorption onto Cr(VI)-IIP. Thermodynamic studies
showed that the adsorption process of Cr®* onto Cr(VI)-IIP
belonged to endothermic reaction and could occur sponta-
neously. Selectivity experiments suggested Cr(VI)-IIP can
selectively adsorb Cr(VI) in the presence of other interfer-
ing ions and the relative selectivity coefficients were 4.79,
3.44 and 4.50 for Cr(VI)/Cu(II), Cr(VI)/Cd(Il) and Cr(VI)/
Zn(II), respectively. In conclusion, the Cr(VI)-IIP can absorb
Cré* fast and selectively from aqueous solution.
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