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Abstract

In this research, a novel magnetic cobalt ion imprinted adsorbent (Co(II)-MIIP) was synthesized by use of magnetic SBA-
15 core-shell. It was functionalized by dithizone, and after identification by various techniques was used for removal of
cobalt from aquatic systems. The uptake of cobalt proceeded very fast and achieved to equilibration within 5 min at which
74 mg g ' of cobalt was adsorbed at pH =8 with adsorbent dose of 0.15 g. The ion imprinted sorbent exhibited good
selectivity towards cobalt ions. Separation and recovery of the used sorbent was carried out respectively by use of
magnetic field and by use of HNOj3 (0.1 M), and 85% of the initial capacity was obtained after seven 7 regeneration
cycles. Different isotherm models, and error analysis were used to evaluate the experimental data. Thermodynamic, and
kinetic evaluations showed that sorption process was endothermic, and described by second order kinetic model (R >

0.99). The equilibrium was established within five min.

Keywords Magnetic sorbent - Co(I)-MIIP: Mesoporous silica - Functionalization - Cobalt; dithizone

Introduction

Cobalt which is widely employed in different industries
causes a variety of health problems in human beings
[1-4], thus its removal from aquatic systems is inevitable
[5-7]. Many techniques have been considered for removal
of cobalt, such as precipitation [8], use of ion exchangers
[9], coagulation [10], biological methods [11], osmosis
techniques [12], and sorption [13]. Adsorption technique,
due to its high efficiency, flexibility, and regeneration ca-
pability is the most frequently used method. The basic re-
quirement of the method is reparation of an adsorbent with
acceptable selectivity and capacity, particularly when the
matrix of the target samples is complicated. To prepare an
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adsorbent with above properties, imprinted sorbents can be
considered. Ion-imprinted polymers (IIP) are versatile sor-
bents comprising of target ions encapsulated in polymers
network, and after removal of the ions, the cavities left
inside the network are interestingly prone to selectively
adsorb the target cation from the solutions with complicat-
ed matrix [14-16]. Ion imprinting process involves three
distinct steps including complexation of template (ion)
with a particular ligand, polymerization of the produced
complex, and removal of the ion after co-polymerization
[17, 18]. Mesoporous materials due to their particular
structural feasibility and abundant Si-OH active bonds on
the surface are excellent candidate as solid supports for
many applications such as synthesis of ion imprinted sor-
bents [19, 20]. Among them, SBA-15 has two-dimensional
structure with large surface area, high pore volume, uni-
form and thick pores with large diameters, and excellent
hydrothermal stability [21, 22].

In the present research, a novel cobalt ion-imprinted
polymer was synthesized on the basis of magnetic SBA-
15 treated with chloropropyltriethoxysilane, and
dimethacrylate as cross linker. The sorbent was employed
for uptake of Co®* from aquatic systems under different
experimental conditions.
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Fig. 1 Effect of type and concentration of acid on magnetic ion imprinted
polymer

Experimental
Chemicals and apparatus

Fe (IIT) chloride, Fe (II) chloride, sodium hydroxide, nitric
acid, sulfuric acid, HC1, HCIO,4, CH;OH, and Co(NOs),,
NH,4F, C,H50H, and were purchased from Merck Company.
Pluronic (P123,PE020PPO70PE020),
chloropropyltriethoxysilane (CPTES), methacrylic acid
(MAA) and 2,2-azobisisobutyronitrile (AIBN) were obtained
from Sigma Aldrich Company, and ethylene glycol
dimethacrylate (EGDMA) from Fluka (Bunches,
Switzerland).

FT-IR spectra were taken by use of a Perkin Elmer model
65 instrument from 400 to 4000 cm '. A Micromeritics BET
instrument, model ASAP2020 (USA) was used to measure the

Fig. 2 FT- IR Spectra (a) Fe;0y,
(b) SiO,@Fe;0y, (¢) Co(1l)-
MIIP, and (d) Leached Co(II)-
MIIP
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Fig. 3 XRD Spectra (a) SBA-15, (b) Fe;04, and (c) Co(I1I)-MIIP

surface area of sorbents. A X\Pert Pro X-ray diffractometer
(Philips, Netherlands) was employed to prepare the XRD pat-
tern of the samples. The SEM images were taken using a FE-
SEM TESCAN scanning electron microscope. VSM mea-
surements were performed by use a LDJ Electronics Inc.,
Model 9600 magnetometer, and thermal curves were prepared
by a Netzsch STA 409 device. Cobalt concentration was de-
termined by a Perkin Elmer model A., Analyst 300 spectrom-
eter at 240.7 nm.

Synthesis of magnetic ion-imprinted polymer

The procedure described by Wang with little modification
was used to synthesize the magnetic SBA-15 core shell
(Fe;04,@SBA-15) [23]. A solution containing 0.04 mol of
FeCl;.6H,0 and 0.02 mol of FeCl,.4H,O dissolved in 50
mLnn of HCI (0.5 M) was prepared and heated to 80 °C.
Sodium hydroxide (0.1 M) was drop wise added with
vigorous stirring and under nitrogen atmosphere until
Fe;0,4 formation was completed. The particles were col-
lected by a magnet, rinsed with water, and vacuum dried

Fig. 4 TEM image of Co(II)-MIIP

Fig. 5 SEM image of Co(II)-MIIP

at 60 °C. A mixture containing 1.0 g of the dried powder,
80 mL of C,HsOH, 20 mL water and 2 mL NH4;OH
(28 W%) was prepared, and was ultrasonicated for
10 min. 1 mL of tetraorthosilicate (TEOS) was then grad-
ually added while vigorously shaking until magnetic par-
ticles were formed. The particles were collected by a mag-
net, rinsed respectively by H,O and C,HsOH, and vacu-
um dried at 55 °C. 4.0 g of P123 was added into 100 mL
of HCI (0.1 M) solution containing 0.046 g of NH,F,
shaken until proper homogenization, 9.0 mL of
tetraorthosilicate was drop wise added, and the mixture
was shaken till core-shell (Fe;O,@SBA-15) was pro-
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Fig. 6 N, adsorption-desorption isotherms of Co(II)-MIIP
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Table 1 Surface area, Pore

volume and pore diameter of Adsorbent

BET surface area (m? gfl)

Pore volume (cm® gfl) Pore diameter (°A)  Ref.

Co(II)-MIIP sample
FC304@ SBA-15

Co(1I)- MIIP

784.8
254.0

1.83 79 [23]
0.41 52 This study

duced. The product was separated and heat treated at
560 °C for 8 h [24].

Functionalization of magnetized SBA-15 (Fe;0,@SBA-
15 (was performed as follows:

50 mL of dry toluene was added to 5.0 g of core-shell,
shaken until proper homogenization, after adding 20.76 mmol
of CPTES, the mixture was refluxed at 82 °C for 20 h.
Chlorinated core shell (Fe;0,@SBA-15-Cl) was removed,
washed with water and dried at 120 °C under vacuum [25].
25 mL of acetonitrile was added to 2.0 g of Fe;0,@SBA-15-
Cl, shaken for 60 min, and after adding 0.25 g of dithizone
(DZ) the mixture was refluxed at 85 °C for 8 h. The function-
alized material (Fes0,@SBA-15-DZ) was filtered, washed
with C,HsOH and dried at 50 °C under vacuum. Finally, the
Co(IT)-MIIP adsorbent was prepared by surface imprinting of
the Fe;0,@SBA-15-DZ as follows:

A suspension prepared by adding of 50 mg Fe;0,@SBA-
15-DZ into 60 mL of acetonitrile was added to solution
contained 0.2 mmol of Co(NOs),.6H,0, 1.0 mmol of MAA,
3 mmol of EGDMA and 40 mg of AIBN, and then was agi-
tated at 65 °C for 20 h. The produced (Co(II)-MIIP) was
removed, washed with methanol and distillated water repeat-
edly and dried at 30 °C. Through the same procedure, and
without adding cobalt nitrate solution, non-imprinted polymer
was synthesized.

Sorption performance of co(ll)-MIIP
Elution of cobalt

The eluent used for removing of cation from ion-imprinted
sorbent should properly wash out the cation without affecting

Weight loss

0 100 200 300 400 500 600 700
Temp. ('C)

Fig. 7 TG and DTG curves of Co(II)-MIIP
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the ligand and polymer structure. To select an adequate eluent,
the Co(II)-MIIP sorbent was eluted with various acids such as;
nitric, sulfuric, perchloric and hydrochloric acids with differ-
ent concentrations. The results indicated that with HNO;
(1 M) the optimized recovery percentage was obtained

(Fig. 1).
Removal of cobalt

The removal efficiency of the ion imprinted sorbent was op-
timized by studying the effect of different variables through
following experiments:

Into 25 mL of cobalt solution (200—1400 mg LYa
predetermined amount of adsorbent (0.05-0.2 g) was
added, the pH of the solution was adjusted to (2-10),
and the mixture was agitated for 20 min at particular tem-
perature (25-55 °C). The sorbent was removed, and the
concentration of cobalt in the filtrate was determined by
the calibration curve constructed in the concentration
ranges of 5-30 mg L~'. The uptake of cobalt, was mea-
sured by eq. (1):

q=(Ci~Cr) x (V/m) (1)

C; and Cy are Co”" initial and final concentration respec-
tively (mg L"), m is sorbent weight (g), and V is solution
volume (L). To evaluate the effect of different variables, a
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Fig. 8 Magnetic hysteresis loops of (a) Fe;0,@SBA-15-Cl, and (b)
Co(II)-MIIP
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Table 2 Compared

magnetization properties Co(Il)- Adsorbent Monomer emu/ Ref.

MIIP with other adsorbents g
Pb(I1)-MIIP 2-vinylpyridine 8.3 [32]
Pb(II)-MIIP 4-(vinylamino)pyridine-2,6-dicarboxylicacid (VPyDC) 1.96 [33]
Pb(I1)-MIIP 4-vinylpyridine (4VP) 13.5 [34]
Pb(IT)-MIIP methacrylic acid, salicylaldoxime 1.96 [35]
Cd{In-MIIP methacrylic acid 4.88 [36]
Cd(ID)-MIIP dithizone 44.6 [37]
Cu(1)-MIIP 3-aminopropyltriethoxysilane (APTES) 50.6 [38]
Co(ID)-MIIP dithizone 51 This study

series of experiments was carried out by changing the appro-
priate variable and keeping the rest constant.

Discussion of the results
Characterization of adsorbent

In FT-IR spectra of Fe;0,4 (Fig. 2a), the broad band of O-H
vibration and the absorption band of Fe-O stretching were
observed at 3692, and at 586 cm™ ' respectively.

In FT-IR spectra of SiO, @Fe;04 (Fig. 2b), the broad bands
belonged to O-H vibration and Fe-O stretching were observed
at 3384 cm ™' at 586 cm™ ' respectively, and the Si-O—Si band
was appeared at 1090 cm .

FT- IR spectrum of Co(II)-MIIP exhibited in fig. 2c,
showed the absorption band of O—H of silane groups and
water molecules at 3385 Cm '. Symmetric and asymmet-
ric stretching and bending of Si—O-Si were respectively
appeared at 1092, 810 and 471 Cm™ ' regions [26]. The
band appeared at 2932 Cm™ ' was related to vibration of
C-H bond. The band related to C—Cl bond was
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Fig. 9 Effect of contacting time on the sorption process

disappeared after reaction between SBA-15-Cl with NH
of dithizone. The C—H, and C=S stretching of DZ were
observed at 2984 and at 1612 Cm™' respectively. After
polymerization, the peaks belonged to C=0 and C-H
bonds were appeared around 1700 and 2830 cm ™' respec-
tively, and the peak related to Fe-O was observed at 586
Cm™ ' indicating formation of iron-oxygen bonds in
Co(II)-MIIP sorbent [24].

FT- IR spectrum of leached Co(II)-MIIP is exhibited in Fig.
2d. After leaching of Co(II), the bands related to C=S of DZ,
OH of MAA, and N-H of DZ remained unchanged indicating
that elution of cobalt by acid did not change the structure of
sorbent [27].

In the XRD of SBA-15, the characteristic diffraction band
of hexagonal SBA-15 were appeared at 20-30° (Fig. 3a) [28].
In the XRD pattern of Fe;0,4, The diffraction lines of magne-
tite cubic spinel were observed at 20 of 30.4, 35.6, 43.3, 57.3,
and 62.8 (Fig. 3b) [23]. The position of these line was slightly
changed in the XRD pattern of Co(II)-MIIP, and appeared
respectively at 20 =31, 36, 43, 60, and 63 indicating that
Fe;O,4 maintained its initial structure after combination with
SBA-15 (Fig. 3¢).
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Fig. 10 Effect of pH on the removal of the cobalt cation by Co(II)-MIIP
(a) Co(Il)-MIIP, (b) Magnetic non ion imprinted polymer
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Table 3 Compared pH and

adsorption capacity Co(Il)-MIIP Adsorbent Monomer pH  Adsorption capacity Ref.
with other adsorbents (mg g
Co(ID-MITP  1-vinylimidazole 7 23.09 [39]
Co(I)-MIIP  polyethyleneimine (PEI) 5 39.26 [40]
Co(I)-MIIP  3-(2-aminoethylamino) propyltrimethoxysilane 8 35.21 [41]
(AAPTS)
Co(ID-MIIP  dithizone 6 74.00 This
study

In the EDAX spectrum of Co(II)-MIIP the presence of C,
N, O, Si, Fe, and Co was clearly observed (Fig. 1S). Careful
investigation of map of elements (Fig. 2S), revealed that they
were uniformly distributed on the adsorbent surface which
was helpful for easy access of the ingoing cations to the ad-
sorption sites.

TEM image of Fe;0,@SBA-15 showed that magnetic
core-shell has been formed. The magnetic particles were situ-
ated as spherical dark core of the core-shell which were
surrounded by SiO, particles (Fig. 4).

The SEM image of Co(II)-MIIP is represented in Fig. 5.
Formation of rectangular beads of SBA-15 crystals was ob-
served. The average particle diameter of Co(II)-MIIP estimat-
ed by Image-j software was 77 nm.

The specific surface area, pore volume and pore distribu-
tion was studied by nitrogen adsorption-desorption isotherms,
and by use of Brunauer—Emmett-Teller (BET), and Barrett—
Joyner—Halenda (BJH) equation. The specific surface area,
pore volume and pore diameter of Fe;0,@SBA-15 was con-
siderably decreased after polymerization because the channels
and voids were partially engaged (Fig. 6), and Table 1.
However, the surface area of the sorbent was sufficiently high
to adsorb considerable amount of cobalt.

TG-DTG of sorbent was prepared in N, from 35 to 720 °C
(Fig. 7). The peak appeared between 100 and 200 °C belonged
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Fig. 11 Effect of adsorbent dose on the percentage removal of cobalt ions
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to elimination of water molecules, and that appeared between
350 and 400 °C was attributed to the ligand eliminated from
the surface of adsorbent [29]. The weight loss appeared at
600 °C belonged to conversion of Fe;04 to y- Fe,O3 or FeO
[30, 31].

The magnetization saturation of Fe;0,@SBA-15-Cl, and
Co(II)-MIIP was 51 and 40 emu/g respectively (Fig. 8). Lower
magnetization of Co(II)-MIIP compared to Fe;0,@SBA-15-
Cl was related to the polymerization process, in which the
surface of magnetized sorbent was shielded by the polymer
molecules. However, as indicated in Table 2, the saturation
magnetization of adsorbent was higher than the previously
studied magnetic adsorbents. However, the magnetization of
adsorbent affiliated its separation by the external magnetic
field [32-38].

Optimization of effecting variables

Shaking time

By increasing of shaking time, the uptake of cobalt was in-
creased, and achieved to its maximal level after 5.0 min

(Fig. 9). The fast kinetic of adsorption was very advantageous
for uptake of the studied cation.
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Fig. 12 Effect of cobalt initial concentration on adsorption capacity of
Co(II)-MIIP
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Fig. 13 Regeneration of adsorbent
pH of solution

Solution pH can strongly affect the uptake of cations because
it may change the surface charge of the adsorbent, the H;O*
concentration, and cationic form of the metal ion.
Additionally, at higher pHs the cation may precipitate. To
investigate the pH effect on the uptake of cobalt, following
experiment performed in pH range of (2-10):

A mixture containing 0.1 g of sorbent added into 25 mL of
cobalt solution (1000 mg L"), was gently shaken for 20 min,
at an adjusted pH. Then sorbent was removed, and cobalt
concentration was determined (Fig. 10). The adsorption ca-
pacity increased as the pH increased, achieved to optimum
capacity at pH =28, and then became constant. At low pHs,
the ligands attached to the adsorbent were protonated, and
the formation of complex between the sorbents and cobalt
ions was not favored. Additionally, the repulsive force be-
tween protonated sites and the positively charged cobalt re-
duced the uptake of the cation. As the pH was increased, free
electron pair of ligand reduced the repulsion force, and more
cation were reacted with the ligands. The pHs above 8.0 were
not examined because cobalt ions were precipitated as
Co(OH), [38]. Adsorption capacity of the non-ion imprinted
sample was significantly smaller than ion imprinted sorbent.
To have more clear image of the pH effect, PHpzc of the
sorbent was determined (Fig. 3S). The surface had no charge
at pH="7.3. At lower pH, a repulsion force between cobalt
ions and the sorbent was created which limited the uptake of
cation. At pH> 7.3, the negative surface attracted Co*?, and

the maximal level of uptake was achieved at at pH=S8. It is
assumed that the optimized pH for each individual ion
imprinted sorbents polymers depends on to the ligand type,
therefore it is different for various sorbents (Table 3) [39-41].

Sorbent dosage

To evaluate the effect of adsorbent dose on the uptake of
cobalt, several adsorption experiments were carried out with
different amount of Co(II)-MIIP (0.05-0.2 g) while the other
experimental variables were kept constant (Fig. 11). The up-
take of cobalt was increased and achieved to its maximum
level with dosage of 0.15 g. At constant concentrations of
cation, the increase of sorbent dose, generate more sorption
sites which increased the capacity. The increase was continued
until the adsorption sites and cobalt ions were in balance, then
the adsorption process remained constant.

Cobalt concentration

Under optimized conditions, Co>* concentration was changed
from 200 to 1400 mg L™, and the uptake of cobalt was mea-
sured (Fig. 12). At higher concentration, the diffusion of
ingoing cation to the adsorption sites were facilitated, so that
the optimized value was obtained at 1000 mg L™, and with
further increase of concentration, the absorption capacity
remained constant. Similar behavior has been reported for
different adsorbents.

In Yan et al. studied the effect of cobalt concentration on
the uptake by polyethyleneamine and reported that the maxi-
mal adsorption capacity was obtained at 100 mg L™ [40].
Khoddami et al. used magnetic ion-imprinted polymer for
uptake of cobalt and concluded that maximal uptake was ob-
tained at certain concentration, and at higher concentration the
uptake remained constant because the sites were fully engaged
[41].

Regeneration of the adsorbent

The recovery of adsorbent was performed by elution of cobalt
from the sorbent by 25 mL of HNO; (1 M), and using the
regenerated sorbent for adsorption process at optimized con-
ditions. As discussed in section 3.2.1, the sorption-desorption
steps were kinetically fast, therefore employment of sorbent

Table 4 Compared recovery
efficiency Co(II)-MIIP with other

adsorbents

Adsorbent Monomer Cycle R % Ref.
Co(II)-MIIP 1-vinylimidazole 4 81% [39]
Co(I)-MIIP polyethyleneimine (PEI) 6 95% [40]
Co(ID)-MIIP 3-(2-aminoethylamino) propyltrimethoxysilane (AAPTS) 7 95% [41]
Co(I)-MIIP dithizone 7 85% This study
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Table5 Selectivity of MIIP in the

presence of competing cations Interference ion Tolerable concentration ratio X*/Co MIIP NIIP

(Cobalt Conc. = 1000 mg L") R (%) R (%)
Without interference - 98.0 46.0
Na* 10 94.2 413
K* 10 93.6 41.6
Cca** 10 93.4 42.6
Mg** 10 92.9 424
Ni?* 10 89.6 40.6
Zn** 10 89.4 40.5
Fe** 10 90.7 39.9
Mn?* 10 91.2 393
Cu** 5 92.5 389
cd** 5 92.8 39.8
Pb>* 5 92.8 40.2
Hg** 5 91.9 38.6

# Concentrtion of various ions

for consecutive uptake of cobalt was quite feasible. The re-
generation cycles was repeated for 7 successive cycles
(Fig. 13). The regenerated capacity was respectively 98% after
the first and 85% after the last step. For comparison, the re-
generation capability of similar sorbent are given in Table 4.

Table 6 Langmuir, Freundlich and Redlich-Peterson isotherm
parameters

Isotherm Parameter Value
Langmuir Ky 5.88 E-3
Jm 84.03
R? 0.9978
SSE 13.08
ARE 0.0199
Freundlich Kg 13.31
n 4.11
R? 0.9728
SSE 22.88
ARE 0.022
Redlich-Peterson A 0.6
B 0.0098
g 0.96
R? 0.9988
SSE 11.31
ARE 0.015
Sips Ks 6.53 E-3
Qumax 81.97
m 1
R? 0.9858
SSE 14.52
ARE 0.018

Depend on the nature of ion imprinted sorbents and their li-
gands, the regenerated capacity was between 81 to 95%.

Selectivity of adsorbent

To study the selectivity of the ion imprinted sorbent, the re-
moval of cobalt was measured at optimized conditions while
the concentration of co-existing ions; Na*, K¥, Ca*™, Mg,
Ni*%, Zn*?, Fe*?, Mn*?, Pb*?, Cd*™,Cu™ and Hg** was slowly
increased. To evaluate the interfering effect of the cations, the
tolerance limit was considered as the highest concentration of
the ions causing less than 5% change on the uptake of Co**
(Table 5). For Na*, K*, Ca*?, Mg*?, Ni*?, Zn*?, Fe*? and Mn*
2, the sorbent selectivity at ratio of 10:1 was acceptable, while
its selectivity in the presence of for Cu**, Cd**, Pb** and Hg*
at ratio concentration of 5:1was acceptable.

From the results it can be concluded that sorbent was not
much affected by alkaline and alkaline earth metals, therefore
this method can be used for uptake of cobalt from real samples
in which the concentration of co-existing cations is high. The
high selectivity of adsorbent toward cobalt ions is attributed to
high affinity of cobalt as a transition element to form a stable
complex with the ligand, and to ion imprinting nature of the
sorbent. Non imprinted sorbet showed no selectivity for cobalt
under identical experimental conditions.

Table 7 Kinetic parameters of cobalt ions adsorption by the Co(Il)-
MIIP adsorbent

Adsorbent Pseudo-first-order Pseudo-second-order

@« K R? 9e K, R?

Co(ID-MIIP 809 9.67E-3 09796 10526 6.77E-5 0.9964

@ Springer
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Table 8 Thermodynamic
parameters of cobalt ons Adsorbent T(°K) 2G® (kj mol ™) aH® (kj mol™") 28° (J mol™) R?
adsorption by Co(II)-MIIP

Co(I)-MIIP 298 6.54 1.08 —18.04 0.9995

Sorption isotherms evaluation

To compare the performance of different sorbents and to de-
termine the optimal conditions for adsorption, the sorption
isotherms which represent the distribution of adsorbed species
between adsorbent and the solution at equilibrium are consid-
ered [42]. In this regards, various models such as Langmuir,
Freundlich, and Redlich-Peterson isotherm models were used.
Linear form of Langmuir equation is shown in Eq. (2) [43].

1
e quL Im

C. is the Co®* concentration at equilibration (mg L"), q. is
the amount cation uptake by sorbent (mg g ') at equilibrium,
Qm is maximal capacity (mg g '), and K, is the Langmuir
constant. By plotting C./q. versus C, a straight line was ob-
tained. The slope (1/q,,), and the intercept (1/q,, K;) of the
line was used to determine the isotherm parameters.

The linear form of Freundlich isotherm is described by eq.
(3) [44].

1
Inq, = InK¢ + o InC, (3)

C. is Co®* concentration at equilibration (mg L"), g, is
adsorbed amount of cobalt at equilibration (mg g '), n
and Kp are constants related respectively to intensity and
capacity of adsorption. Plotting of Inqe against InC, pro-
duced a straight line with slope and intercept equal to 1/n
and K respectively.

The linear form of Redlich-Peterson model is given in Eq.
(4) [45].

ln(A%—l):glnCe-HnB (4)
e

The for the By plotting of In (A C/q. — 1) versus In C, a
straight line was obtained. Its R? value, and was determined
and the quantity of B and g were obtained from the slope and
intercept of the plot. If g = 1, the isotherm is considered as the
Langmuir isotherm [46].

Sips isotherm can be considered as a mixture of Langmuir
and Freundlich, and its linear form is represented in Eq. (5) [47].

1 (1)1/m+1 5)
Ao QumaKs Ce Qunax

Qmax 1s the maximal capacity (mgg_l), K, and m are the
Sips equilibrium constant (L mg ') and exponent constant
respectively. The plot of 1/q. versus (1/C.)""™ gave a straight
line and Q,ux and K were determined from the slope and
intercept of the plot. m is a characteristic dimensionless het-
erogeneity factor of Sips isotherm equation. If m is between 0
and 1, it represent heterogeneous system, while with m=1,
the sorption system is homogenous, and the Sips equation
reduces to the Langmuir equation [48].

As indicated from the results of the studied isotherm
(Table 6), the data were better described by the Redlich-
Peterson isotherm.

Error analysis

Since the R? of the linear analysis cannot alone evaluate the
fitness of isotherms; therefore, the sum of squares of the errors
(SSE) and the average relative errors (ARE) were used to
evaluate fitness of data to the appropriate isotherm models
(Egs. 6 and 7) [49, 50].

SSE = Z(qc_qe)z (6)
ARE — ¥ I(qc—crlle)/qu )

qc and q. are theoretical and experimental sorption capacity
(mg g ') respectively, and n is the number of data points.
From the values of SSE and ARE (Table 6), it was concluded
that ARE values were in the order of; Redlich-Peterson < Sips
< Langmuir < Freundlich. Since the previous experiments
showed that Redlich-Peterson equation reduced to the
Langmuir equation, it can be concluded that the data was fitted
to the Langmuir model.

Table 9 Removal efficiency of

cobalt ions from real samples by Sample Co”* Added (mg L™ Co** Found (mg L") R (%) RSD % (n=3)
Co(II)-MIIP

Solid 10 9.9 99.0 2.5

Sea water 10 9.9 99.0 2.8

Sea well 10 10.1 101.0 2.7
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Table 10 Adsorption capacity of

different sorbent for uptake of Adsorbents Adsorption capacity Ref.
cobalt (mg g-1)
-Fe,03 20.50 [57]
Cone biomass 7.38 [58]
Modified palygorskite with 3-aminopropyl triethoxysilane 34.24 [59]
Dehydrated beet pulp carbon 58.00 [60]
MWCNT/IO 10.61 [61]
Si0,/Nb,0s/ZnO 0.51 [62]
Ordered Micro and Mesoporous/SiO, 8.43 [63]
Co(II)-imprinted 1-vinylimidazole 23.09 [39]
Co(I)-imprinted polyethyleneimine (PEI) 39.26 [40]
Co(II)-imprinted 3-(2-aminoethylamino) propyltrimethoxysilane 35.21 [41]
(AAPTS)
Co(I)-MIIP 74.00 This study
Kinetic of sorption process Ki— GG « v (11)
1T c. M
(S

To evaluate the kinetic of the process; Pseudo-first-order, and
pseudo-second-order were implied [51]. The pseudo-first-
order model is described by Eq. (8) [52].

K
log(q.—q;) = log q.— ( 23(1)3>t (8)

K, is rate constant (min ), de and q, are the sorbent capac-
ity (mg g ') respectively at equilibration and at t (min).
Plotting of log(q. _ q¢) versus t gave a straight line by which
the kinetic parameters were calculated from the slope and
intercept.

Linearized form of pseudo-second-order equation is repre-
sented in eq. (9) [53].

t 1 1
0 Kq (%)t ©)

K., is rate constant (min ') (¢/mg min), q. and q, are sorbent
capacity (mg g ') at equilibration and at t (min). By the slope
and intercept of the line (b t/q, versus t), the kinetic parameters
were determined.

Kinetic parameters for the studied models is given in
Table 7, and their linear plot are represented in Fig. 4S. The
results revealed that the experimental data was described by
pseudo-second—order model.

Thermodynamic parameters

Thermodynamic parameters were measured by the following
equations [52, 54]:

AS" AH
and = —

R RT (10)

@ Springer

K4 is the distribution constant at equilibrium, R is the ideal
gas constant, T (K) temperature, C;, and C, are initial and
equilibrium concentrations respectively (mg L"), V(mL) is
the volume, and M (g) is mass of adsorbent. By plotting of
In Ky versus 1/T a straight line was obtained, and the enthalpy
change (#H°) and entropy change (2S°) were respectively
measured by the slope and intercept of the line (Fig. 6S).
The Gibbs free energy change (2G°) was then determined
by following equation [55]:

AG” = AH -TAS’ (12)

The positive values of 2G°, and 2H® (Table 8), indicated
that the process was non-spontaneous, and endothermic re-
spectively. The negative value of 2S° showed that the ran-
domness at the solid-solution surface was reduced during the
adsorption process.

Real sample analysis

The adsorption data showed that the selectivity of the sorbent
for cobalt was high, therefore its capability in real samples
(solid and liquid) with complicated matrix was evaluated.
The solid sample was taken from an industrial zone
(Asaluyeh region, south of Iran, Phase 9-SPD10), and
digested according to the following procedure:

0.5 g of dried sample was powdered, 2 drops of HCI
(0.1 M) and 7 mL of HF (48%) was added and the mixture
heated until proper dryness. After adding 7 mL of acids (3:1
HCI:HNOy), it was for for 30 min, and then 5 mL HCIO, was
then added. The mixture was heated to dryness, and the solid
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residue was dissolved in a few drop of HCl (1 M) and the
diluted to 50 mL by deionized water [56].

Sea water and well water selected as liquid samples and
were treated as follows:

To remove the organic compounds 3 mL of H,O, (30%)
and 5 mL of HNO; was added, and the mixture was heated for
60 min at 80 °C. The mixture was filtered, and the solution
was diluted to 100 mL by deionized water [56].

To each sample, the concentration of added nickel was
adjusted to 10 mg L', and the sorption of cobalt was evalu-
ated by Co(II)-MIIP at optimized conditions. The sorbent was
removed, and the removal t efficiency (R%) was calculated
(Table 9). By the results it was concluded that adsorbent was
capable to efficiently remove the studied cation from real
samples. After optimizing the experimental conditions such
as contact time, pH, sorbent dosage, and cation concentration,
the adsorption capacity of 74 mg.g ' was obtained for Co(II)-
MIIP which was superior to the other studied adsorbent used
for removal of cobalt (Table 10).

Conclusions

A functionalized magnetic cobalt ion-imprinted sorbent was
prepared and characterized by different techniques. The sorp-
tion data revealed that under optimized conditions (adsorbent
dose of 0.15 g, cobalt concentration of 1000 mgL-1, contact
time of 5 min, and at pH = 8), the adsorption capacity was
74 mg g '. Separation of the used sorbent was easily per-
formed by external magnetic field, and was recovered by
HNO; (1 M). The regenerated sample retained most of its
initial capacity (85%) after seven regeneration cycles. The
adsorption data was evaluated by Langmuir, Freundlich,
Redlich-Peterson and Sips isotherms. Pseudo-first-order, and
pseudo-second-order models were used to evaluate the kinetic
of the process. The adsorption process was non-spontaneous
and endothermic. The selectivity of the adsorbents in the pres-
ence of different cations and in real samples showed that it had
high selectivity for the studied cation.
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