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Abstract A Cd(II)-imprinted thiocyanato-functionalized
silica gel adsorbent with high adsorption capacity was
prepared by surface imprinting technique combined with
sol—gel process for the selective adsorption of Cd(II) ion
in aqueous solution, and was characterized by Fourier-
transform infrared spectroscopy, nitrogen gas sorption and
thermogravimetric analysis. The influences of different
conditions (such as the pH of solutions, the contact time and
the initial concentrations of Cd(II) ions) on the adsorption
capacity of Cd(Il) were investigated. The optimum pH of
adsorption was in the range of 4-8.5. The adsorption equi-
librium could be reached in 20 min. The relatively selec-
tivity coefficients of the imprinted silica were higher than
those of the non-imprinted adsorbents. Ho’s pseudo-second-
order model well described the kinetics of the adsorption
reaction. The adsorption process of metals followed Red-
lich—Peterson isotherm model, and the experimental value of
maximum adsorption capacity for Cd(Il) was 72.8 mg-g~".
The positive value of AH® suggested endothermic nature of
Cd(II) adsorption on the imprinted silica adsorbent. Increase
in entropy of adsorption reaction was shown by the positive
value of AS® and the negative value of AG® indicating that the
adsorption was spontaneous in nature.
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1 Introduction

Cadmium is carcinogenic to human as well as it adversely
affects animal tissues. Cadmium has an extremely long
biological half-life that essentially makes it accumulative
toxin [1, 2]. However, as the levels of cadmium in geo-
logical and environmental samples are low, the separation
and removal of cadmium from the natural water is essential
and needs much more attention [3-5].

Materials that specifically recognize cadmium may be
created in synthetic polymers with a technique called ionic
imprinting [6—10]. Ionic imprinted polymers (IIPs) are
attractive materials that enable the selective extraction,
separation and removal of cadmium from complex mixtures
[6-10]. The preparation of IIPs based on the ion-imprinting
concept was described: a matrix is synthesized in the pres-
ence of an ionic template and chelating ligands are then
obtained by removal of the targeted ion [11, 12]. The cavities
obtained in the polymer exhibit high selectivity towards
specific metal ions [6—12]. The selectivity of the corre-
sponding ion-adsorption process by a matrix relies on the
specific interactions that the metal ion makes based on its
size, charge, coordination number and coordination geom-
etry in the binding site [11, 12]. Recently, surface ionic
imprinted functionalized silica with outstanding advantages,
such as being simple, convenient to prepare, high selectivity,
fast mass transport rates, good mechanical and thermal sta-
bilities, have been developed for the selective removal or
separation of heavy metals from aqueous solution [13—15].
Two different routes to achieve the surface ionic imprinted
functionalized silica are available. One is surface grafting
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imprinting method by surface functionalization of the silanol
groups of already formed silica particles. Another is that
silylation can be done at the monomer level, and then the
functional monomers are co-condensed with silica precur-
sors to form surface ionic imprinted functionalized silica
particles. Compared to surface grafting imprinting method,
the ionic imprinted functionalized silica which is prepared by
surface imprinting technique combined with sol—gel pro-
cessing has a higher adsorption capacity which is an
important factor to evaluate the adsorbents and determines
how much adsorbent is required to quantitatively concentrate
the targeted ion from a given solution. However, the syn-
thesis of surface ionic imprinted functionalized silica mate-
rials using a surface imprinting technique combined with
sol—gel processing has been reported with only few articles
[16-18].

Thiocyanato groups show strong affinity for cadmium
ions and ideal functional sites on functionalized silica
materials as an efficient adsorbent to remove heavy metal
ions in waters [19-21]. In this paper, a Cd(II)-imprinted
thiocyanato-functionalized silica gel adsorbent was syn-
thesized via a surface imprinting technique combined with
sol—gel process for the selective adsorption of Cd(II) ion
from aqueous solutions. The materials were characterized
using Fourier-transform infrared spectroscopy, nitrogen
gas sorption and thermogravimetric analysis. Adsorption
behaviors, adsorption isotherm, kinetics and thermody-
namic of Cd(II) adsorption onto Cd(II)-imprinted thiocya-
nato-functionalized silica were studied.

2 Experimental
2.1 Materials

The tetraethoxysilane (TEOS), ethanol, CdCl,-2.5H,0,
ZnClz, COC12'6H20, CllClz'ZHzO, Pb(NO3)2, NaOH, HCI
and NH;3-H,O were purchased from Sinopharm Chemical
Reagent Co., Ltd. Shanghai, China. 3-Thiocyanatopropyl-
triethoxysilane (TCPTS) was obtained from Jingzhou
Jianghan Fine Chemical Co., Ltd., Hubei, China.

2.2 Apparatus

FT-IR spectra (4,000-450 cm_l) with KBr pellets and a
resolution of 1 cm™" were recorded using a Nicolet 6700 FT-
IR spectrometer (Thermo Fisher Scientific Inc., USA). An
ASAP-2010C surface analyser (Micromeritics, USA) was
used for the study of surface area. An AA-6300c flame
atomic absorption spectrometer (FAAS, Shimadzu Corpo-
ration, Japan) was used to measure the concentrations of
Cd(II), Cu(II), Co(Il), Zn(II) and Pb(I) in aqueous solutions
after appropriate dilutions and acidification to pH ~ 2

adjusted with HNOs. Thermogravimetric analysis was
performed on a TGA/DSC1 thermogravimetric analyzer
(Mettler-Toledo Inc., Switzerland). The solution blanks
were below the instrument detection limits of 15 pg-L™" for
Cd(I), 20 pgL™' for Cu(I), 20 ugL™"' for Zn(II),
30 pg-L~" for Ni(I), 30 pg-L~" for Co(IT) and 300 pg-L~"
for Pb(II). A PB-10 pH meter (Sartorius, German) was used
for the pH measurement.

2.3 Preparation of Cd(II)-imprinted thiocyanato-
functionalized silica

The Cd(II)-imprinted thiocyanato-functionalized silica adsor-
bent was prepared by base—catalyzed sol-gel process with
0.1 mol-L™" of ammonium hydroxide solution [16-18].
Solution (a) was prepared by mixing 20 mL of TEOS and
10 mL of H,O and the pH was adjusted at 2.0 with the addition
of 1 mol-L™! HCl for stirring 30 min. Solution (b) was pre-
pared by mixing 1.92 g of CdCl, 2.5 H,O which was dissolved
in 40 mL of methanol and 40 mL of H,O, and 4 mL of TCPTS
under stirring for 1 h. Solution (a) and (b) were mixed and
added dropwise 0.1 mol-L ™" of ammonium hydroxide solution
(pH =~ 5) under stirring at 333 K for 30 min. Gel formed was
aged for 48 h at room temperature. Then, the white solid was
filtered and washed by 1 mol-L ™' HCI solution until the cad-
mium concentration in the filtrated solution is undetectable by
FASS. The resulting gels were neutralized with 0.1 mol-L™"
NaHCO; to pH 7.5, filtered, washed with deionized water, and
dried under vacuum at 60 °C for 12 h. Furthermore, the Cd(II)-
imprinted thiocyanato-functionalized silica gel was sieved to
obtain the particle size between 100 and 200 mesh. For com-
parison, the non-imprinted silica adsorbents was also prepared
using an identical procedure, but without the addition of
CdCl,-2.5 H,0.

2.4 Characterization of Cd(II)-imprinted thiocyanato-
functionalized silica

The Cd(II)-imprinted thiocyanato-functionalized silica were
characterized by IR and thermogravimetric analysis spectra.
The surface areas of Cd(II)-imprinted silica and non-
imprinted silica were determined from adsorption—desorp-
tion isotherms of nitrogen at 77 K. Specific surface areas
were estimated using BET equation. Meanwhile, the pore
volume and pore diameter were evaluated using Barrett-
Joyer-Halendal (BJH) model.

2.5 Cadmium adsorption studies
Adsorption of Cd(I) from aqueous solutions was investi-
gated in a batch experiments. The stock solution of Cd(II)

(1,000 mg-L~") was prepared by dissolving a known amount
of CdCl, 2.5H,0 in distilled water and batch process for the
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adsorption was carried out. 0.2 g of dry adsorbent was placed
in 50 mL of solution with different Cd(IT) concentrations in a
conical flask. This was then placed in a shaker incubator at
100 rpm for desired time interval. The concentration of
Cd(II) in the supernatant solution was determined by FAAS
to estimate the adsorbed amount of Cd(II). The adsorption
capacity of metal ions was determined from equilibrium
binding data by following equation:

(Ci — Cf)V
1000 W m

where C; and C; are the initial and final concentration of
Cddn (mg-L_l) before and after the adsorption, V is the
volume of Cd(II) solution (mL), and W is the mass used of
adsorbents (g).

Adsorption studies were carried out at varied adsorption
concentrations (50-900 mg-L™"), the varied pH values
(2-10.5), and adsorption time (5-50 min). The selective
adsorption experiments of Cu(I), Co(II), Pb(Il), Ni(Il) and
Zn(Il) ions with respect to Cd(II) ions were conducted
using the Cd(II)-imprinted silica or non-imprinted silica
adsorbents. The Cd(II)-imprinted silica or non-imprinted
silica adsorbents (0.1 g) were added to 25 mL of binary
metal mixed aqueous solution containing 50 mg-L~'
Cd(II)/Cu(l), Cd(11)/Zn(11), Cd(I1)/Co(II) and Cd(I1I)/Pb(II)
at a pH of 5 in the flasks with stirring. After adsorption
equilibrium, the concentration of each ion in the remaining
solution was measured by FAAS. The distribution and
selectivity coefficients of Cu(II), Co(Il), Pb(I) and Zn(II)
with respect to Cd(II) can be obtained from equilibrium
binding data according to Egs. 2 and 3 [22].

Q:

Ko = [(Ci = Cp)/Gl(V/m) (2)

In Eq. 2, K, represents the distribution coefficient; C; and
C; are the initial and final concentrations of metal ions
(mg-L™"), respectively. V is the volume of the solution
(mL); m is the mass of Cd(Il)-imprinted silica used (g).

k = Ka(Cd(IT)) /Ky(X(II)) 3)

In Eq. 3, k is the selectivity coefficient, and X(II) repre-
sents Cu(Il), Co(Il), Pb(Il) and Zn(II) ions. A comparison
of the k values of The Cd(I)-imprinted silica or non-
imprinted silica adsorbents with those metal ions allows an
estimation of the effect of imprinting on selectivity.

A relative selectivity coefficient k (Eq. 4) can be
defined as

k/ = kimprimed / knonfimprimed (4)

Results from the comparison of the k values of Cd(ID)-
imprinted silica with non-imprinted silica adsorbents allow
an estimation of the effect of imprinting on selectivity.

@ Springer

2.6 Repeated reuse

The adsorption/desorption cycle was performed up to nine
times to evaluate the possibility of repeated reuse of the
Cd(II)-imprinted silica adsorbent. The metal ions were
removed from the adsorbents by washing with 3 mol-L™"
HCI for 2 h [19]. The adsorbents were rinsed several times
with deionized water and then neutralized to pH 7.5 using
0.1 mol-.L™" NaHCOj; solution to ensure complete H'
neutralization. The adsorbents were washed again with
deionized water and dried under vacuum at 60 °C over-
night before another extraction cycle. The sorption capac-
ity of each cycle was calculated as a percentage of the
uptake at the first sorption.

The experiments were performed in replicates of three,
and the samples were analyzed in replicates of three as
well. For each set of data present, standard statistical
methods were used to determine the mean values and
standard deviations. Confidence intervals of 95 % were
calculated for each set of samples in order to determine the
margin error.

3 Results and discussion
3.1 Characterization

The FT-IR spectrum of Cd(II)-imprinted thiocyanato-func-
tionalized silica adsorbent is shown in Fig. 1. The absorption
bands at 3,419 and 1,635 cm ™' are assigned to OH groups
due to the surface silanol groups with hydrogen bond and the
remaining adsorbed water molecules. The absorption band at
2,937 cm™ ' is assigned to CH, groups. The absorption band
at 2,158 cm™ " is assigned to C = N vibrations of thiocya-
nato groups [23]. A broad peak is noted at 1,101 cm ™", due to
thesiloxane vibrations of (SiO), groups. The band at
957 cm ™! is assigned to Si—OH stretching. The bands at 802
and 467 cm™ ' are assigned to Si—O-Si stretching and Si—O-
Si bending vibrations, respectively. The bands at 1,414 cm™"
corresponds to S(N-CH,) [24]. The results of FT-IR showed
that TCPTS had been successfully immobilized on the surface
of silica gel.

The specific surface area of the Cd(I)-imprinted silica and
non-imprinted silica adsorbents was found to be 187 and
121 m?.g™ ", respectively. The high surface area could reduce
diffusion resistance and facilitate mass transfer. B J H
desorption cumulative volumes of pores between 17,000 and
3,000,000 diameter of Cd(I)-imprinted silica and non-
imprinted silica were 0.0228 and 0.0198 cm®-g ™', respec-
tively. BJH desorption average pore diameter of Cd(II)-
imprinted silica was 19.3 A. The Cd(II)-imprinted silica
mainly consisted of micropores with the size higher than 10 A.
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Fig. 1 IR spectra of Cd(I)-
imprinted thiocyanato-
functionalized silica gel
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The TGA and DTA curves of Cd(IT)-imprinted silica are
presented in Fig. 2. DTA curves showed the presence of
one exothermic peak at 353 °C attributed to the oxidative
decomposition or combustion of the thiocyanato groups. A
9 wt% loss at temperature below 200 °C was due to a loss
of residual water. The second 27 % step within the
200-530 °C interval, corresponded to the decomposition of
the organic groups covalently bonded on the silica surface,
together the condensation of the remaining silanol groups
to produce siloxane groups. At continuous and small
weight loss (2 %) was observed above 530 °C, which
could be attributed to the combustion of residual organic
material and/or to the desorption of water resulting from
silanol condensation. The TGA and DTA results confirmed
the successful incorporation of thiocyanato groups on the
surface of silica.
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Fig. 2 TGA-DTA of Cd(I)-imprinted thiocyanato-functionalized
silica gel
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3.2 Effects of pH

Metal ion adsorption onto specific adsorbents is pH depen-
dent. Figure 3 presents the effect of pH (2-10.5) on the
Cd(II) adsorption. It could be seen that the adsorption of
metals were found to be pH dependent and the uptakes were
less at low pH and high pH. The adsorption capacity reached
a plateau in range of pH from 4 to 8.5. In highly acidic
medium (pH < 4), the active sites of the Cd(Il)-imprinted
silica adsorbent were protonated and the adsorption capacity
of Cd(II) ion was reduced [25]. Small amount of Cd(II) were
bound at pH > 8.5 due to the formation of insoluble
hydroxide forms of metals. The optimum pH for metals
uptake was recorded at pH range of 4-8.5. Thus, all the
adsorption studies were carried out in low acidic medium
(pH = 5) to avoid the formation of Cd(II) hydroxide.

3.3 Effects of the contact time

Figure 4 shows the time dependence of the adsorption
capacity of Cd(I) ion on the Cd(II)-imprinted silica. It
could be seen from Fig. 4 that the Cd(II) ions was adsorbed
quickly within the first few minutes, and a complete
equilibrium between the two phases was established in
20 min. This fast adsorption equilibrium was most proba-
bly due to high complexation and geometric shape affinity
(or memory) between Cd(II) ions and the cavities of the
Cd{D)-imprinted silica structure.

3.4 Effects of the initial metals concentrations

Figure 5 shows the initial concentrations of Cd(I) ion
dependence of the adsorbed amount of the Cd(I) ions onto the
Cd(II)-imprinted silica. The adsorption capacities increased
with increasing concentrations of Cd(I) ions, and a saturation
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Fig. 4 Effect of the contact time on the adsorption capacity

value was achieved at ion concentration of 600 mg-Lfl,
which represented the saturation of the active binding cavities
on the Cd(Il)-imprinted silica. The experimental value of

maximum adsorption capacity was 72.8 mg-g~ .

3.5 Adsorption isotherm

The analysis of the isotherm data is important to develop an
equation which accurately represents the results and which
could be used for design purposes. Three equilibrium
models, including Langmuir isotherms, Freundlich iso-
therms, and Redlich—Peterson isotherm, were chosen to
describe the adsorption process. The isotherm parameters
were estimated by linear regression analysis.

The Langmuir sorption isotherm is often used to describe
adsorption of a solute from a liquid solution. The Langmuir

@ Springer

Initial concentration of Cd(II) (mgeL™)

Fig. 5 Effect of initial concentrations on the adsorption capacity

adsorption isotherm can be represented in a linear expression
as Eq. (5) [26]:

Ceq/‘]eq = 1/(qmaxb) =+ Ceq/qmax (5)

where geq is the amount of adsorbed metals in the adsor-
bent (mg-g™ "), Ceq is the equilibrium ion concentration in
solution (mg-L_l), b (L-mg_l) is the equilibrium constant
related to the adsorption energy, and ¢,.x iS the maximum
adsorption capacity (mg-g~").

The Freundlich expression is an exponential equation
that describes reversible adsorption and is not restricted to
the formation of the monolayer [27]. The linear form
equation of Freundlich adsorption isotherm can be repre-
sented by Eq.(6)

18geq = 1gke + (1/n) 1 Cq (6)

where K and n are the Freundlich constants; Cq is the
equilibrium ion concentration in solution (mg-L™").

Redlich—Peterson isotherm is a hybrid isotherm featur-
ing both Langmuir and Freundlich isotherms [28], which
incorporates three parameters into an empirical equation
and can be applied either in homogeneous or heteroge-
neous systems due to its versatility [29].

KiCeq

. 7
1+aRC§q ( )

Geq
where, g.q amount of adsorbate in the adsorbent at equilib-
rium (mg~g_1); Ceq equilibrium concentration (mg-L_l); Kr
Redlich—Peterson isotherm constant (L-g_l); ar Redlich—
Peterson isotherm constant (L-mg~');g Redlich-Peterson
isotherm exponent which lies between 0 and 1, has two
limiting behaviors: Langmuir form for § = 1 and Henry’s law
form for § = 0. This equation can be converted to a linear
form by taking logarithms in Eq. (8)



J Sol-Gel Sci Technol (2013) 66:434-442 439
Ceq :L+a_RC§q (8) t/q: = 1/kaq; +1/qe (10)
9eq Kr Kg

Plotting the left-hand side of Eq. (8) against Cg, to obtain
the isotherm constants is not applicable because of the
three unknowns, ar, Kz and g. Therefore, a minimization
procedure is adopted to solve Eq. (8) by maximizing the
correlation coefficient between the theoretical data for geq
predicted from Eq. (8) and experimental data.

The relative parameters of Langmuir, Freundlich, and
Redlich-Peterson isotherms by linear regression analysis
were obtained from the plots of Ceq/geq versus Ceq, 18¢eq
versus 1gCeq, and Ceq/qeq versus C%q, respectively. The
isotherm parameters are presented in Table 1. According to
the correlation coefficients of isotherms (%), in the order
of: Redlich-Peterson > Langmuir > Freundlich isotherm.
Consequently, the Redlich-Peterson isotherm was found to
be the most-suitable model for this adsorption system with
a high coefficient of determination.

3.6 Adsorption dynamics

Parameters from four kinetic models, pseudo-first-order
[30], pseudo-second-order [31], Elovich model [32, 33]
and intraparticle diffusion model [34, 35] were fit to the
experimental data to examine the adsorption kinetics of
metals uptakes the Cd(II)-imprinted silica adsorbent.

The pseudo-first-order equation (Lagergren’s equation)
describes adsorption in solid-liquid systems based on the
adsorption capacity of solids [30]. The linear form of
pseudo first-order-model can be expressed as:

lg(ge — q:) = lgqe — ki1/2.303 9)

where k; (min~') is the rate constant of the pseudo-first
adsorption. ¢, and ¢, (mg g~ ') are the adsorption capacities
at equilibrium and at time ¢ (min), respectively. The rate
constants k;, g. and correlation coefficients # were cal-
culated using the slope and intercept of plots of 1g(g. — ¢q,)
versus ¢ (as shown in Table 2).

The pseudo-second-order rate expression, which has
been applied for analyzing chemisorption kinetics from
liquid solutions [31], is linearly expressed as:

Table 1 Isotherms parameters for the adsorption of Cd(II) onto
CddI)-imprinted thiocyanato-functionalized silica gel sorbent

Langmuir isotherm Freundlich Redlich—Peterson
isotherm isotherm
Gmax = 87.7 mg-g~! K = 0.42 Ky = 0.0826 L-g™'
b=0.16 L-mg™" n=117 ag = 0311 L-mg™"
g = 0.259
R* = 0.9899 R* = 0.9637 R* = 0.9999

where ¢g. and g, are the adsorption capacity at equilibrium
and time 7 (mg-g '), k> (g-mg~"-min~") is the rate constant
of the pseudo-second-order adsorption. The rate constants
ks, ge and correlation coefficients 7> were calculated from
the linear plots of #/g, versus ¢ (as shown in Table 2).

The Elovich equation is another rate equation in which
the absorbing surface is heterogeneous [32, 33]. It is gen-
erally expressed as

dq:
Y exp(—fan) (1)

Where o is the initial adsorption rate (mg-g~'-min~")

and f is the desorption constant (g-mg~') during any one
experiment. Integrating this equation for the boundary
conditions, Eq. (11) becomes

g = 1/BIn(of) + 1/fInt (12)

A plot of g, vs Int gives a linear trace with a slope of
(1/) and an intercept of 1/f In(af3). The results of Elovich
plot for the adsorption of Cd(II) were given in Table 2.

Another simplified model, the intraparticle diffusion
model, has been tested to better identify the diffusion mech-
anism involved [34, 35]. The intraparticle diffusion model is
expressed as

qr = kito'5 (13)

Where, k; is the intraparticle diffusion rate constant
(mg-g~"-min~%%) and is calculated by the slope of straight-
line portion of plotting ¢, vs 1*°. The results were given in
Table 2.

The R? values for pseudo-second-order kinetic model were
higher than the pseudo-first-order kinetic model, Elovich
model and intraparticle diffusion model. Results indicated
better obeyed pseudo-second-order kinetic as compared
to pseudo-first-order kinetic model, Elovich model and
intraparticle diffusion model under the studied concentration
range. The theoretical value of maximum adsorption capacity
estimated from the pseudo-second-order kinetic model was
very close to the experimental value. These results suggested
that the pseudo-second-order mechanism was predominant,
and that chemisorption might be the rate-limiting step that
controls the adsorption process.

3.7 Selectivity experiment

Adsorption and competitive ion recognition studies were
performed with the double mixture solutions of Cd(II)/
Cu(II), Cd(I)/Zn(1I), Cd(I1)/Co(1l), Cd(II)/Ni(II) and Cd(I1)/
Pb(II) ions in order to measure the selectivity of the Cd(II)-
imprinted silica adsorbent. The Cu(II), Zn(II), Co(II), Ni(Il)
and Pb(Il) ions were chosen as the competitor species
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Table 2 Calculated kinetic parameters for the adsorption of Cd(Il) onto Cd(II)-imprinted thiocyanato-functionalized silica gel sorbent

Pseudo-first-order model Pseudo-second-order model

Elovich model Intraparticle diffusion model

k; = 0.054 min~" ky =2.03 x 10>mg~"-min~"
Geq(cal) = 35.8 mg-g™" Geq(cal) = 79.4 mg-g™"
= 0.8189 = 0.9924

o =19.1 mg-g~"-min~’ k = 9.55 mg-g~"-min~"
B =0.051 g "mg

7 = 0.9339 ” = 0.8139

because they had the same charge and also binded well with
the ligand. Table 3 summarizes the data for distribution
coefficient (Ky), selectivity coefficient of the Cd(II)-
imprinted silica adsorbent toward Cd(II) (k), and the relative
selectivity coefficient (k') obtained in these competitive ion-
binding experiments between Cd(II) and interfering ions.

Comparison of the Ky and k values for the Cd(I)-
imprinted adsorbents with the non-imprinted adsorbent
revealed a significant increase for Cd(II). The relative
selectivity coefficients of the Cd(II)-imprinted adsorbents
for Cd(IT)/Cu(Il), Cd(I1)/Zn(1I), Cd(I1)/Co(II), Cd(IT)/Ni(II)
and Cd(IT)/Pb(Il) were 8.6, 10.1, 7.9, 9.9 and 12.8, respec-
tively. Therefore, competitive adsorption between Cd(II)
and interfering ions was apparent for the binary mixture and
the Cd(II)-imprinted adsorbents showed the superiority of
adsorption for Cd(II). Formation of the Cd(I[)-SCN complex
ultimately built template-selective recognition sites with
functional ligands in a orderly stereochemical arrangement.
However, the functional ligands of the non-imprinted
adsorbent arranged randomly and disorderly, resulted in
unremarkable selectivity performance.

3.8 Thermodynamic parameters

In environmental engineering practice, both energy and
entropy factors must be considered in order to determine

Table 3 The selectivity parameters of Cd(II)-imprinted thiocyanato-
functionalized silica gel sorbent

Metals Sorbents K4 k k
K4 (Cd)  Ki(X)
CdI)/Co(ID) 1P 6,110 2,094 2918 7.9
NIP 1,148 3,114 0.369
Cd(II)/Cu(Il) 1P 6,292 1,596 3.942 8.6
NIP 1,104 2,406 0.459
Cd(I1)/Pb(1I) 1P 7,028 1,045 6.725 12.8
NIP 1,064 2,022 0.526
Cd(I)/Zn(I1) 1P 6,367 1,649 3.861 10.1
NIP 1,018 2,648 0.384
CdI)/Ni(ID) 1P 6,854 1,547 4431 9.9
NIP 1,231 2,756 0.447
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what processes will occur spontaneously. Gibb’s free energy
change, AG®, is the fundamental criterion of spontaneity.
Reactions occur spontaneously at a given temperature if AG®
is a negative value. The thermodynamic parameters can be
determined from the thermodynamic equilibrium constant,
Ko. The standard Gibbs free energy AG® (kJ-mol™"), stan-
dard enthalpy change AH® (kJ-mol "), and standard entropy
change AS° (J-mol ~"-K ") are calculated using the following
equations:

AG° = —RT InK, (14)
AS°  AH°

InKy = — 15

nAKo R RT ( )

R, the universal gas constant, 8.314 J mol™ K™, and T is
the solute temperature (K). K, can be defined as [36-38]:
Ko = %: = %:%: (16)
where a is the activity of adsorbed metals, a. is the activity
of metals in solution at equilibrium, 7, is the activity
coefficient of adsorbed metals, ). is the activity coefficient
of metals in equilibrium solution, Cj is the metals adsorbed
on Cd(I)-imprinted silica adsorbents (mmol-gfl), and
C. is the metals concentration in equilibrium solution
(mmol-mL™"). The expression of K, can be simplified by
assuming that the concentration in the solution approaches
zero resulting in C; — 0 and C. — 0 and the activity
coefficients approach unity at the every low concentration
[36-38]. Equation (16) can be written as:
im . Cy  ag

K, at different temperatures was determined by plotting
In(Cy/C,) versus C, and extrapolating Cs to zero [36-
38].The thermodynamic parameters, Ky,, AG°, AH®° and
AS?®, are shown in Table 4. The values of AH® and AS° for
the adsorption process were calculated to be 9.16 kJ-mol '
and 45.80 J-mol 'K ™', respectively. The negative value of
AG® confirmed the feasibility of the process and the
spontaneous nature of sorption with a high preference for
Cd(I) onto Cd(IT)-imprinted silica. The value of AH® was
positive, indicating that the adsorption reaction was endo-
thermic. The positive value of AS® showed the increasing
randomness at the solid/liquid interface during the
adsorption of Cd(II) ions onto Cd(II)-imprinted silica.
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Table 4 The various thermodynamic parameters for the adsorption
of Cd(Il) on Cd(I)-imprinted thiocyanato-functionalized silica gel
sorbent

Thermodynamic constants Temperature (K)

298.15 308.15 318.15
Ko 6.17 6.82 7.79
AG® (kJ mol™") —4.51 —4.92 —5.43
AH® (kJ mol™") 9.16 9.16 9.16
AS° (J mol™!' K71 45.8 45.8 45.8

3.9 Regeneration

Regeneration of any exhausted adsorbent is an important
factor in the adsorption process for improving the process
economics. Regeneration allows for the repeated use of the
adsorbent material and decreasing costs. After the nine
adsorption/desorption cycle, the adsorption capacity of
Cd(II) was found to about 80 % of the fresh adsorbent. The
data showed that Cd(II)-imprinted silica had good regen-
eration ability.

4 Conclusion

In this work, the Cd(II)-imprinted thiocyanato-functionalized
silica adsorbent which was prepared by surface imprinting
technique combined with sol-gel processing exhibited high
adsorption capacity of Cd(II), a stable uptake of metals at pH
in the range of 4-8.5, fast adsorption kinetics, high selectivity
for Cd(Il), and facile regeneration property. The kinetic data
showed well fitted pseudo-second-order kinetic model in
compared to pseudo-first-order kinetic model, Elovich model
and intraparticle diffusion model. The adsorption of Cd(II) on
Cd(II)-imprinted thiocyanato-functionalized silica followed
the Redlich—Peterson isotherm with the better correlation
coefficients. Thermodynamic analysis showed that the
adsorption process was endothermic and spontaneous in nat-
ure. It was concluded that the combination surface imprinting
technique with sol-gel processing could be a promising
technique for the preparation of the imprinted adsorbents with
high adsorption capacity.
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