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HIGHLIGHTS GRAPHICAL ABSTRACT

e Active thiosemicarbazide modified sali-
cylic acid (H,TCS) ligand was synthe-
sized and coordinate with Cd** ions.

e The prepared [CATCS(H,0)3] complex
was implemented in condensation
polymerization with resorcinol and
formaldehyde.

e The resulted ion-imprinted resin was
characterized by various instrumental
methods.

e The resin was applied to selectively
remove Cd%>* ions from aqueous
solutions.

ARTICLE INFO ABSTRACT

Keywords: Cd(ID-imprinted Cd(II) resin obtained from a thiosemicarbazide derivative of salicylic acid was prepared and
Thiosemicarbazide evaluated for selective uptake of Cd(II) ions. In the beginning, the thiosemicarbazide derivative of salicylic acid

Salicyloyl hydrazide
Cadmium (II) ions
Ion-imprinting

(H2TCS) was developed as a functional ligand that was then coordinated with Cd(II) ions to obtain the Cd-
complex [CATCS(H20)s]. After the full investigation of the ligand and its complex, they copolymerized with
resorcinol in presence of formalin, and the obtained resinous material was eluted with 0.1 M HNOj solution to

extract the polymer incorporated Cd(II) ions and finally produce the Cd(II) ions selective Cd-RTCS sorbent. The
maximum cadmium ions capacity by the Cd-RTCS reached 164 + 1 mg/g, which could be a relatively high and
promising value. Also, the adsorption isotherms were interpreted better with the Langmuir model. In addition,
the Cd(II) sorption using Cd-RTCS was tested in a competitive medium of Pb(II), Ni(Il), Zn(II), and, Cu(II) ions
and the results indicated a considerable selectivity toward the Cd(II) ions over the coexisted metals.

1. Introduction high risk to human health if it exists, even in trace quantities in food
sources or drinking water, which may be contaminated as a result of
Cadmium (Cd) is a highly poisonous heavy metal that represents a cadmium leakage into the environment from various industrial wastes
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[1]. The presence of cadmium as a trace pollutant in the food chain has
proven to cause many types of cancer and therefore, international health
organizations including WHO and FAO have determined the permissible
quantities of cadmium at 25 pg per month for every 1 kg of the body
weight [2]. Consequently, it is necessary to develop and update tech-
niques for estimating and extracting cadmium from potentially
contaminated food and drink sources [3,4]. Several techniques such as
adsorption [5], ion exchangers [6], and liquid extraction [7] were
recently employed in the separation and preconcentration, which
significantly overcomes the low sensitivity and interference problems.

Among these technologies, adsorption is the most attractive in eco-
nomic as well as in terms of efficiency [8]. However, the lack of selec-
tivity for most commonly used sorbents including active carbon
significantly reduces the extraction efficiency towards specific target
species [9]. Thus, the ion-imprinted polymers, which possess excellent
selective performance, have recently become an object of study and
development of many researchers [10-13].

The idea of ion-imprinting is mainly dependent on the template-
supported synthesis of the selective recognition cavities within the
construction of a polymeric network. When extracting the ionic tem-
plate, the recognition cavities left are largely identical to the expelled
ions due to the static orientation of the chelating groups during the
polymerization reaction as well as the radius and ionic shape, which can
acquire the obtained polymeric network remarkable selective charac-
teristics towards the targeted metal ions [14-21]. While fabricating the
ion-imprinted polymers, the targeted metal ion is coordinated to a
chelating monomeric ligand forming a complex that further involved in
a copolymerization process with a suitable cross-linking agent [22].
After that, the process of extracting ions from the polymer network must
be done very carefully, as the ions must be removed only while main-
taining the shape and stability of the binding sites [23]. Many tech-
niques including suspension, condensation, sol-gel, and graft
copolymerization have been used in the imprinting of various metal ions
[24-27]. For example, Pb(Il) imprinted material functionalized with
vinyl pyridine and methacrylic acid was developed for extracting Pb(II)
ions from water [28]. Acrylic acid modified chitosan was utilized in
developing  Ni(II) ion-imprinted  carbon  nanotubes [29].
Polyvinylimidazole-silica functionalized ion-imprinted hybrid material
was prepared for removal of Pb(II) ions [30]. 3-mercaptopropyltrime-
thoxylane/4-vinylpyridine combination was employed in the develop-
ment of Cd(II) imprinted material [31]. In conclusion, ease of
processing, inexpensive raw materials, as well as high durability and
stability, which enhances the chances of reuse many times, are all
important advantages that favor the use of this technology [32-34].

This paper presents the development of Cd(II) imprinted phenolic
resins (Cd-RTCS) that able to target and selectively capture Cd(II) ions in
aqueous solutions. The synthetic steps start with the synthesis of the
thiosemicarbazide derivative of salicylic acid (HyTCS) that can effec-
tively form a stable complex with the Cd(Il) ions. The imprinted Cd-
RTCS resin was then prepared through condensation polymerization of
a mixture of the synthesized Cd-complex, resorcinol, and formalin fol-
lowed by extracting the resin incorporated Cd(II) ions. The synthesized
ligand and its corresponding Cd(II) ion complex were fully characterized
to assure the chemical changes. In addition, the stability and
morphology of the obtained resin were also examined before evaluating
its Cd(II) ions binding affinity.

2. Material and methods
2.1. Chemicals

Methyl salicylate (99%), resorcinol (99%), potassium thiocyanate,
hydrazine hydrate solution (80%), formalin solution (37%), and all

utilized metal ions have been supplied from Sigma-Aldrich (USA). Sol-
vents and other reagents have been supplied from various companies.
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2.2. Synthesis of thiosemicarbazide-salicylic acid ligand (H2TCS)

The synthesis of the HoTCS ligand was inspired by previous work
[35]. 5 mL methyl salicylate was added to a mixture of 5 mL methanol
and 2 mL hydrazine hydrate. The reaction flask was shaken for 1 h at
50 °C then left to stand at 30 °C. The formed salicyloyl hydrazide was
precipitated as white crystals that were filtered and washed with cold
methanol. In the next step, 4 g of the prepared hydrazide derivative was
mixed with 20 mL ethyl alcohol and stirred until complete dissolution.
The solution was then joined to a reflux system at 60 °C. In another vial,
3 g potassium thiocyanate was dissolved in 20 mL ethanol acidified with
1 mL HCI solution (0.5 M) then gradually added to the first salicyloyl
hydrazide solution and the reaction continued under reflux and stirring
at 60 °C. The formation of the H,TCS was detected by TLC and after 6 h;
the obtained precipitate was filtered and recrystallized using isopropyl
alcohol with yields around 90% and melting point 188-190 °C.

2.3. Synthesis of the Cd?* complex [CATCS(H20)s]

The complex was prepared by mixing the 4 g of HoTCS and 3.5 g
CdCly in 20 mL ethyl alcohol. The reaction was accomplished by heating
under reflux and stirring at 75 °C, within 2 h the [CdTCS(H20)3] com-
plex start to precipitate. The reflux continued for an additional 2 h then
[CATCS(H20)3] was separated and rinsed with ethyl alcohol then dried
for the subsequent investigation and processing.

2.4. Polymerization

The condensation polymerization was carried out in the dime-
thylformamide (DMF) solvent (30 mL) where a mixture of 4 g [CATCS
(H0)3] complex, 1.2 g resorcinol, and sodium carbonate solution (5 mL,
25% (w/v)) was added and shaken until one phase solution is observed.
The formaldehyde solution (10 mL) was then blended before refluxing
the reaction contents for 5 h at 100 °C. The gelled resinous materials
were then separated, washed with DMF and ethanol, and dried in the
open air for 12 h before grinding and sifting at an average size of 200
pm. The ground pellets were then shaken with dilute HNO3 solution (0.1
M) for 1 h at 30 °C to extract the resin incorporated Cd(II) ions and the
treatment was performed multiple times to ensure the entire elimination
of the cadmium (II) ions. The sorbent has been then neutralized by
immersing in 0.1 M aq. NaOH before rinsing with distilled water and
storing for the subsequent characterization and examination steps. All
the previous procedures were repeated using HoTCS instead of the
[CATCS(H20)3] to prepare a control blank NI-RTCS resin sorbent.
Scheme 1 presents the synthesis and polymerization steps.

To assure accordance and reproducibility of the results of the studies,
the synthesis of all the above materials was first performed with small
amounts in preliminary experiments and were all investigated before
preparing the large batches.

2.5. Characterization

The quantities of the main elements C, H, N, and S were obtained as
percentages for both HyTCS and [CdTCS(H20)3] on a Perkin-Elmer 240
C Elemental Analytical Instrument (USA). The amount of cadmium in
the [CATCS(H20)3] complex was determined according to the standard
method [36] as described in the following. 0.1 g of the [CATCS(H20)3]
was mixed with 5 mL concentrated nitric acid and the mixture was
boiled for 10 min. Distilled water was added to dilute the solution to 25
mL and the free Cd(II) ions were quantified by ICP technique on an
Agilent 7500 instrument (USA) and by EDTA titration. Also, HoTCS and
[CATCS(H20)3] were examined using ICP-MS Portfolio instrument to
record the mass spectra. The [CATCS(H20)3] complex was dissolved in
DMSO to record the electronic spectrum in a range 200-900 nm using
Unicam UV2 UV-visible spectrometer. NMR spectra of H,TCS and
[CATCS(H20)3] in DMSO-dg solvent were obtained by Oxford NMR
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Scheme 1. Schematic presentation for the synthetic steps of Cd-RTCS.

instrument (Model Unity Inova 500 MHz, USA). Fourier transforms
infrared spectra (FTIR 500-4000 cm™ ) of the H,TCS, [CATCS(H20)3],
Cd-RTCS, and NI-RTCS were all recorded to identify the functional
group changes on a Perkin-Elmer instrument fitted with an ATR
accessory. The surface morphology of Cd-RTCS and NI-RTCS was char-
acterized after coating with gold on scanning electron microscope (SEM)
(FEI Quanta-200, Netherlands) at operating voltage 20 kV. The
Brunauer-Emmett-Teller (BET) surface area of the Cd-RTCS and
NI-RTCS were measured on ASAP 2010 Micromeritics instrument.
Energy-dispersive X-ray (EDX) spectra of Cd-RTCS before and after Cd
(ID) ions elution was obtained using HITACHI S-4800, Japan EDX
instrument.

2.6. Cd(ID) ions uptake experiments

The equilibrium uptake capacity of the sorbents Cd-RTCS and NI-
RTCS were examined using batches prepared by incubating 50 mg of
the sorbent with 50 mL, 10-400 mg/L Cd(Il) ions solution. Diluted
NaOH and HClI solutions were utilized in adjusting the pH at the desired
values and after shaking the batch bottles for the desired period of time
at 30 °C, the residual Cd(II) ion contents in the aqueous phase was
estimated by ICP-MS method to quantify the extracted Cd(II) ions ac-
cording to the following equations.

(Ci 7 CF)V

4e=""y (€8]

where C; and C, are the initial and equilibrium Cd(II) ions concentrations
(mg/L) in the adsorption batch solution, V is the volume of the
adsorption batch (L), and W is the used adsorbent weight (g).

2.7. Selectivity studies

The specific recognition capability of the Cd-RTCS for selective
binding with Cd(II) was tested in presence of some common competitive
ions including Pb(II), Ni(II), Zn(Il), and, Cu(II) which possess similar
valence and close ionic size with our targeted Cd(II) ions [37]. The

experiment was executed by immersing 0.05 g of the Cd-RTCS in a 50
mL aqueous solution containing the above-mentioned competitive ions
beside the Cd(II) with concentrations of 30 mg/L for each one. The pH
adjusted to 6.0 and the batch was equilibrated at 30 °C and 200 rpm for
3 h. After the batch was settled samples of the aqueous solution were
withdrawn to analyze the metal ion contents using ICP. The control
batch experiment was repeated under the same conditions but by using
NI-RTCS. The selectivity parameters are then calculated utilizing the
following equations [38]:

C—-C V
Distribution coefficient, D = el B B 2)
G W
. » _ Degre
Selectivity coefficient, .. Ju =, 3)
pgrt
Relative selectivity coefficient, 8, = ﬂiﬂ""’mmd (@)
non—imprint

where C; and Cy are the initial and final metal ion concentrations in the
adsorption system. D2 is the distribution coefficient of Cd?* ions; DY is
the distribution coefficient of the interfering ions.

2.8. Selective removal of Cd(I) from the Ni-Cd battery effluents

The solid effluents of the Ni-Cd battery (5 g) were treated with 10%
(w/v) sulfuric acid (100 mL) for 6 h under magnetic stirring at 70 °C.
The mixture was then left to cool at 30 °C before adding 10 mL H20,
solution 10%(w/v). The aqueous phase was then separated by filtration
and completed to 500 mL by distilled water then the pH was adjusted at
6, and finally the Cd(II) and Ni(II) ions concentrations were determined
[34]. In two different batches, 50 mL of the above waste solution and 50
mg of either Cd-RTCS or NI-RTCS sorbents were mixed with and the
batches were equilibrated at 30 °C and 200 rpm for 2 h, and then the
remained contents of the two metal ions were measured.
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2.9. Regeneration

The Cd(II) ions loaded Cd-RTCS sorbent resin was eluted by shaking
with 0.1 M nitric acid solution at 30 °C for 2 h. Then the resin was
removed and washed with distilled water until neutralization and then
dried and reused in a new Cd(II) removal experiment. This process was
performed 5 consecutive times with the same adsorbent sample and
every time the adsorption capacity was determined.

3. Results and discussion
3.1. Characterization

The molecular weight of the [CATCS(H20)3] complex was obtained
from the mass spectrum, which demonstrated M+1 peak at m/z = 374.9.
In addition, the quantities of the main elements C, H, N, and S that were
obtained as percentages from the elemental analysis beside the Cd(II)
ions amount in the complex that was determined after digestion with
nitric acid are presented in Table 1 and as can be seen, all the element
contents are in agreement with the suggested chemical structures pre-
sented in Scheme 1.

FTIR spectra were used to clarify the manner of coordination through
which Cd(II) is chelated by the H,TCS and the main peaks that under-
going diagnostic changes after the complex formation are presented in
Table 2. It is a known fact at first that the thioamide (NH-C=S) moiety of
thiosemicarbazide enables the occurrence of thion-thiol tautomeric
forms in solution (Structure 1) [39]. The observed peaks around 1255
and 880 cm ™! that belong to the C=S and the peak at 3400 cm™! that
characterize the phenolic O-H along with the absence of any peaks
around 2300 and 1150 cm™! that are supposed to characterize S-H and
C-S bonds, respectively in the spectrum of the HyTCS revealed the
dominance of the thion tautomer in solid-state. Furthermore, the spec-
trum of the [CATCS(H20)3] displayed the C-S peaks around 1150 and
660 cm ! beside the occurrence of a C=N peak around 1650 cm™*, while
the characteristic C=S and O-H peaks at 1255, 880, and 3400 em Y,
respectively, have been almost vanished. These findings confirmed that
the phenolic -OH and the thiosemicarbazide moieties have mainly
participated in the Cd(II) chelation via thion-thiol transformation and
deprotonation of both -OH and -SH groups.

The complex [CATCS(H0)s] electronic spectrum (Fig. 1) demon-
strated only a band at 340 nm that related to charge transfer of 2Eg —
2T, g transition, suggesting an octahedral coordination geometry [40].

Fig. 2 presents the TH NMR spectra of HoTCS and [CdTCS(H20)s].
The free ligand spectrum presented a signal pattern that characterizes
the o-disubstituted benzene system containing multiple signals at 6.9
ppm, triplet signal at 7.4 ppm, and doublet signal at 7.7 ppm beside the
signals at 7.3, 8.3, 9.0, and 9.5 ppm, which can be related to -NHp,

Table 1
Elemental analysis of H,TCS and [CdTCS(H20)3].

Found (calc.) (%)

Compound C H N S Cd
H,TCS 24.9 4.2 20.1 15.4 -
(45.5) (4.3) (19.9) (15.2)
[CdTCS 25.8 3.3 12.0 9.0 (8.5) 29.7
(H20)3] (25.6) 3.5) (11.2) (30.0)
Table 2

Characteristic IR bands (cm ') of the ligand H,TCS and complex [CATCS
(H20)s].

Compound v(O-H) v(C=N) v/8(C=S) v/5(C-S)
H,TCS 3400 - 1255, 880 -
[CATCS(H20)3] - 1650 - 1150, 660
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Fig. 1. Electronic spectrum of [CdTCS(H20)3] complex.

—-NH-NH-, and -OH protons, respectively. This spectrum also reveals the
dominance of the thion tautomer as suggested by the FTIR spectrum.
The [CATCS(H20)3] spectrum displayed significant peak shifts. More-
over, one of the hydrazide protons and the phenolic -OH proton are
vanished, which also confirms the previously suggested Cd(II) chelation
mechanism via thion-thiol transformation and deprotonation of both
—-OH and -SH groups.

Furthermore, Fig. 3 shows the '>C NMR spectra of H,TCS and
[CdTCS(H20)3]. The observed signal shifts of the C=0 and C=N can give
additional evidence for the Cd(II) chelation according to the suggested
mechanism.

The suggested structures of HyTCS thion-thiol tautomers and [CdTCS
(H0)3] are theoretically optimized on Hyperchem 8.0 software via
MM+ and semi-empirical PM3 forcefield method and the optimized
conformations are shown in Structure 1. As expected, thion tautomer is
much more stable than thiol form by 81.21 kJ/mol, which is in agree-
ment with both FTIR and NMR instrumental results. In addition, the
[CdTCS(H20)3] complex displayed octahedral coordination, and the
polymerization sites in both free -NH; and aromatic ring are in positions
that allow the molecular approach without steric hindrance.

The surfaces of the prepared Cd-RTCS and NI-RTCS resin materials
were also photographed by SEM (Fig. 4), which demonstrated a rela-
tively regular and smooth appearance in the case of NI-RTCS in com-
parison to the roughness of the observed pore surface in the case of Cd-
RTCS. These observations are found to match with the measured surface
area of both resin types that were 65.334 and 206.453 m?/g for NI-RTCS
and Cd-RTCS, respectively. The chemical alternations that accompa-
nying the elution of the Cd(II) ions from the internal texture of the Cd-
RTCS resin can explain this observed rough morphology and conse-
quently this higher surface area. Indeed, the extraction and separation of
ionic species by adsorption require the provision of maximum accessi-
bility between the target ions and the adsorbed active sites, which can
only be achieved by increasing the absorption surface area. Thus, the
observed pore morphology with this relatively high surface area of Cd-
RTCS is an advantage during the Cd (II) removal process.

The stability of the coordination groups within the Cd-RTCS is
evaluated by matching the FTIR charts of the NI-RTCS, Cd-RTCS before
and after Cd(I) elution (Fig. 5). The spectrum of the Cd(II)/Cd-RTCS
demonstrated a similar spectrum with that related to [CATCS(H20)3]
suggesting the polymer incorporation of Cd(II) ions through the same
chelation mode. Moreover, the spectra of both NI-RTCS and Cd(Il) free
Cd-RTCS demonstrated an almost identical spectral pattern. This con-
firms that the chelating groups are stable and unaffected during the Cd
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Fig. 4. SEM photos of (a) NI-RTCS (b) Cd-RTCS.

(II) elution process.

The efficiency of the Cd(II) desorption using 0.1 M nitric acid solu-
tion was also evaluated by scanning the Cd-RTCS resin before and after
Cd(II) elution using EDX spectroscopy (Fig. 6), which reveals the com-
plete elimination of the Cd(II) upon the performed HNO3 processing by
the disappearance of the characteristic cadmium peaks that were present
prior to elution.

3.2. Cd(I) ions removal studies

3.2.1. Effect of pH

The removal capacity of both Cd-RTCS and NI-TRCS sorbents are
significantly influenced by the initial pH value of the working Cd(II) ion
batch solution. Fig. 7 showed that the adsorbed amounts of the Cd(II)
ions by both sorbents are greatly increased by raising the pH value up to
6, above this value, the Cd(II) ions start to precipitate as hydroxide, thus
the optimum pH value was chosen at 6 in all of the next experiments.
The weak adsorption abilities of both adsorbent types under acidic en-
vironments are expected and could be attributed to the high abundance
of the H' ions, which can compete and occupy the chelating sites and
resist coordination of the targeted Cd(II) ions. Moreover, under all
investigated conditions, Cd-RTCS displayed a higher capacity compared
to the NI-RTCS sorbent, which can be attributed to the relatively more
irregular and porous morphology of the Cd-RTCS that incorporated with
the imprinted Cd(II) ions chelating sites.

3.2.2. Adsorption isotherms

Usually, the adsorbate-adsorbent interaction mechanism is better
understood by performing the adsorption isotherms. The Cd(II) ions
adsorption isotherms on Cd-RTCS and NI-RTCS are presented in Fig. 8,
which indicated experimental maximum capacities 164 + 1, and 73 + 1
mg/g for both Cd-RTCS and NI-RTCS, respectively. The observed higher
Cd-RTCS capacity may be related to the previously discussed irregular
morphological appearance and the higher surface area beside the pres-
ence of the Cd(Il) recognition sites. Moreover, Table 3 collected the Cd
(II) ions maximum capacities related to some recently reported ion-
imprinted materials and compare it to the obtained value in our cur-
rent Cd-RTCS adsorbent and it is clear that the capacity of the current
material is promising and competitive.

The adsorption behavior could be elucidated by considering
Freundlich and Langmuir models in the mathematical treatment of the
experimental results.

Freundlich [41].

1
Inq, = InKe +H InC, (5)

Langmuir [42].

cC. 1 C
_ L (6)
q.  Kig, qn

where Kp is the Freundlich constant, 1/n is the adsorption index, C, (mg/
L) is the Cd(II) ions concentration after equilibration, g, (mg/g) is the
equilibrium adsorption capacity, and ¢, (mg/g) is the maximum
adsorption capacity.

The modeling performance of both equations with both Cd-RTCS and
NI-RTCS adsorbents are presented in Table 4 and accordingly, with the
obtained higher R? values in the case of the Langmuir equation, it is
suggested that the Cd(II) ions adsorption by both adsorbents is better
described by the Langmuir than Freundlich models. Thus, the Cd(II) ions
are adsorbed by strongly equivalent coordination sites on the Cd-RTCS
and NI-RTCS surfaces.

Also, as shown in the isotherms, under low initial Cd(II) ions con-
centrations, the adsorption displayed a linear tendency, and the g, in-
creases by increasing the Cd(II) concentration. According to the [UPAC
classification, these isotherms are L-type [43] where the adsorbent
reaches saturation progressively after the monolayer formation.

3.2.3. Cd(ID) ions uptake kinetics

The rate of the Cd(II) ions adsorption using both Cd-RTCS and NI-
RTCS beside the essential kinetic constants was determined by con-
structing the kinetic curves via plotting the Cd(II) ions adsorbed
amounts versus the time (Fig. 9). As can be noticed, Cd(II) ions present
an initial rapid adsorption rate particularly with Cd-RTCS where the
equilibrium was achieved after approximately 40 min, revealing the
high affinity between the Cd(II) ions and the active coordination sites
that were created within the Cd-RTCS sorbent. Also, the higher
adsorption of the Cd-RTCS compared to the NI-RTCS could be related to
the integration of the coordination sites, which can selectively recognize
and bind with Cd(II) ions.

Both the pseudo first-order and pseudo second-order equations were
utilized in the mathematical analysis of the obtained kinetic data and
they were expressed as in the following [44]:

Pseudo first order kinetic model

In(q. —q,) = Inqy — kit Q)
Pseudo second order kinetic model

1 1 1

= +—
9. kg, q

(3

where q. (mg/g) is the adsorbed Cd(II) ions quantity at equilibrium
adsorption capacity in equilibrium; q; (mg/g) is the adsorbed Cd(II) ions
quantity at time t (min); k; (min~Y) and ko (g/mg min) are the pseudo
first and second rate constants, respectively.
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Fig. 6. EDX spectra of imprinted Cd-RTCS (a) before and (b) after Cd(II) elution.
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Fig. 7. Effect of pH on the Cd>* ions removal by Cd-RTCS and NI-RTCS (initial
concentration 200 mg/L; adsorbent. 1 g/L; contact time 3 h; shaking rate 200
rpm, 30 °C).

160 - %/%"% % %
140 - /
120 -
100 4
oh
?Eﬁ 80
= §/§J§#§——§Qi
60 | /
40
"
204 ® g C4RTCS
* | —@—NI-RTCS
O T T % T ' T X T * T T T
0 50 100 150 200 250 300 350
C, (mg/L)

Fig. 8. Effect of initial concentration on the uptake of Cd(II) ions by Cd-RTCS
and NI-RTCS (adsorbent. 1 g/L; pH 6; contact time 3h shaking rate 200
rpm, 30 °C).

Table 5 presents all the kinetic constants of the Cd(II) ions uptake by
Cd-RTCS and NI-RTCS sorbents that were obtained by applying the
above equations along with the corresponding correlation coefficients
(Rz) values. It is obvious that between the two models the highest R?
values were observed with the pseudo-second-order equation, which
indicates that the Cd(II) ions uptake process mainly relies on the
accessibility to the coordination sites that were integrated with the
sorbent surface and the chemical interaction via chelation of the Cd(II)
ions by the thiosemicarbazide units is the rate-limiting step.

3.2.4. Selectivity study

The specific recognition capability of the Cd-RTCS for selective
binding with Cd(II) was tested in presence of some common competitive
ions including Pb(II), Ni(I), Zn(II), and, Cu(Il), which were chosen on
the bases of similar valence and close ionic size with our targeted Cd(II)
ions. In such a highly interfering medium the main parameters that were
calculated using Egs. (2)-(4) including distribution coefficient (D), the
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Table 3
Maximum adsorption capacities for Cd(I) ions the adsorption by different
adsorbents.

Adsorbent Qqm (mg/g)  Reference
Acrylamide functionalized ion-imprinted B-cyclodextrin 107 [9]
Modified ion-imprinted silica 41.2 [11]
Diatom-based Cd (II) ion-imprinted composite 5.5 [13]
4-vinyl pyridine modified ion-imprinted hybrid material ~ 4.8 [31]
bis[3-(triethoxysilyl)propyl]tetrasulfide modified silica 22.2 [32]
Acrylamide functionalized ion-imprinted chitosan 167 [34]
Cd-RTCS (current work) 164 -

Table 4
Parameters for Cd(II) ions adsorption by Cd-RTCS and NI-RTCS resins according
to different equilibrium models.

Resin Langmuir isotherm constants
Ki(L/g) qm(mg/g) R?
Cd-RTCS 1.1 x 1072 164 £ 1 0.9997
NI- RTCS 8.5 x 1073 73+1 0.9999
Resin Freundlich isotherm constants
Kr n R?
Cd-RTCS 55.21 .34 0.8988
NI- RTCS 43.35 3.18 0.8887
180
R
—
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Fig. 9. Kinetic curve of the Cd(Il) ions removal by Cd-RTCS, and NI-RTCS
resins (initial concentration 200 mg/L, adsorbent 1 g/L, pH 6.0, shaking rate
200 rpm, 30 °C).

selectivity coefficient (| ﬁ%}?ﬁ), and the relative selectivity coefficient (5,)
are presented in Table 6.

In the case of the Cd-RTCS adsorbent, both the distribution coeffi-
cient and selectivity coefficient values are significantly higher for Cd(II)
ions than the other interfering ions, indicating a fact that the sorbent Cd-
RTCS resin is able to selectively capture the Cd(II) ions when existing in
such competitive medium containing these similar metal ions. On the
other hand, the NI-RTCS sorbent resin didn’t show any preference for
binding to any of the existing ions more than others and for all metal
ions, the relative selectivity coefficient values were >1. The aforemen-
tioned results can give clear evidence for the essential role of the utilized
ion-imprinting technology in creating a noticeable selectivity in the
constructed network of the Cd-RTCS resin.

3.2.5. Real Ni-Cd battery wastes sample treatment
After treating the solid waste of the Ni-Cd battery as previously
shown in the experimental part, the initial Cd(II) and Ni(I) ions
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Table 5
Kinetic parameters for Cd(I) ions extraction by Cd-RTCS and NI-RTCS
adsorbents.
Adsorbent First-order model
k1 (min") qer(mg/g) R?
Cd-RTCS 0.113 158 + 2 0.8773
NI-RTCS 0.153 68 +3 0.8782
Adsorbent Second-order model
k2 (g/(mg min)) ez (mg/g) R?
Cd-RTCS 2.4 x10°* 161 £ 0.5 0.9988
NI-RTCS 2.7 x 107* 70+1 0.9889
Table 6

Selective adsorption of Cd(II) from multi-component mixtures by Cd-RTCS and
NI- RTCS resins (initial concentration 30 mg/L, adsorbent 1 g/L, shaking rate
200 rpm, solution pH 6.0, 30 °C).

Metal  Distribution ratio Selectivity Relative selectivity
L/g) coefficient coefficient 3.
Beamm
Cd- NI- Cd- NI-
RTCS RTCS RTCS RTCS
cd*t 6124 22.7 - -
Pb**+ 26.6 21.5 23.02 1.06 21.72
Ni?* 30.4 23.7 20.15 0.96 20.99
Zn** 20.3 15.1 30.17 1.50 20.11
Cu®* 34.5 25.6 17.75 0.88 20.17

concentrations were respectively estimated at 85 and 68 mg/L. Fig. 10
presents the percent removal of both Cd(II) and Ni(II) ions after shaking
the waste solution individually with either Cd-RTCS or NI-RTCS sor-
bents in two separate batches and as can be seen, in the case of NI-RTCS,
the percent removal values of both Cd(II) and Ni(II) ions were approx-
imately 33% and 35% revealing almost similar tendencies of the non-
imprinted sorbent resin toward the two metals. On the other hand, the
Cd-RTCS sorbent batch demonstrated percent removal values around
97% and 9% for both Cd(II) and Ni(Il) ions, which confirm the high
efficiency of the employed Cd(II) ion-imprinting technique in creating
considerable selective capabilities within the construction of the pre-
pared Cd-RTCS resin toward the targeted Cd(II) ions.

3.2.6. Reusability

Assessment of adsorbent regeneration and reusability is essential to
estimate utility life and functional damage that can occur after each
reuse cycle. In the current study, the Cd-RTCS resin sample was
employed in 5 Cd(II) ions removal cycles (Fig. 11) and upon each time
the resin was regenerated by 0.1 M HNOs. Cd(II) capacity was deter-
mined each time and did not show a significant decrease over the five
cycles. After the last cycle, the capacity of the Cd-RTCS resin was about
96% of that of the initial capacity obtained in the first cycle.

4. Conclusions

A durable phenolic resin was developed on the basis of ion-
imprinting strategy and demonstrated a high potential for selective
uptake of Cd(II) ions among other interfering metal ions. The phenolic
ligand H,TCS was first prepared by thiosemicarbazide modification of
salicyloyl hydrazide, which can effectively coordinate with the Cd(II)
and form a stable [CATCS(H20)3] complex that was polymerized with
resorcinol and formalin. The formed resinous material was eluted by 0.1
M HNOs to remove the incorporated Cd(Il) ions to finally obtain the
selective Cd-RTCS sorbent resin. The simple HoTCS and the complex
[CATCS(H20)3] was characterized by instrumental techniques to
confirm their chemical structures. Also, the resin materials were exam-
ined using SEM and FTIR spectroscopy. The maximum capacity of the
Cd-RTCS that was anticipated from the isotherm experiment was 164 +
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Fig. 10. % Removal of Cd(II) and Ni(II) ions from the real waste sample from
Ni-Cd battery using Cd-RTCS and NI-RTCS.
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Fig. 11. Reusability of Cd-RTCS resin.

1 mg/g and the adsorption was interpreted by the Langmuir model.
Moreover, the capability of the Cd-RTCS resin for selective capturing of
Cd(II) was tested in presence of some common competitive ions
including Pb(II), Ni(II), Zn(II), and, Cu(Il) and all the calculated pa-
rameters indicated the usefulness of the ion-imprinted technique in
generating a considerable Cd(II) ions selectivity.
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