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ABSTRACT

Zn(Il) ion-imprinted polymer [Zn(II) IIP] was prepared by following precipitation polymeriza-
tion using acrylonitrile as functional monomer, N,N’-Methylenebis(acrylamide) as cross-linker
and potassium persulfate as thermal initiator. Furthermore, 8-hydroxyquinoline was used as com-
plexing agent for Zn(II) ions that was also employed for functionalizing the Zn(II) IIP. After the
leaching of the Zn(II) ions, an ion-imprinted polymer [Zn(II) IIP] was obtained which showed high
tendency of selective recombination with the Zn(II) ions. The equilibrium and kinetic adsorption
studies of Zn(I) ions on both Zn(II) IIP and non-imprinted polymer (NIP) were carried out at dif-
ferent temperatures. Scanning electron microscopy and Fourier-transform infrared spectroscopy
was carried out for evaluating the morphology and the various functional groups present in the
molecular structure. The specific surface area was determined to be 337.30 m* g™ for NIP whereas
439.54 m? g™ for Zn(II) IIP by applying the Brunauer—-Emmett-Teller model to the nitrogen adsorp-
tion isotherm. Similarly, the pore-size distribution was analyzed using the Barrett-Joyner—-Halenda
model and t-plot method confirming the surface texture of both adsorbent to be mesoporous in
nature. The isotherm models of Langmuir, Freundlich, and Dubinin-Radushkevich were used to
analyze the adsorption equilibrium data. It was revealed that the adsorbents surface has heteroge-
neous nature as Freundlich isotherm was more closely followed by the adsorbents. The maximum
adsorption capacity was found to be 3.75 mg g for NIP whereas 6.82 mg g for Zn(Il) IIP. The
relative selectivity coefficient K’ for Zn(II)/Co(II), Zn(II)/Cu(II), Zn(II)/Ni(II) and Zn(II)/Pb(II) metal
ion pairs is determined to be 24.827, 1.273, 3.931 and 2.437, respectively. The adsorption kinetic data
followed pseudo-first-order model with respect to R? values suggesting physical nature of adsorp-
tion. Electrokinetic study was also performed for understanding the nature of interaction between
adsorbate and adsorbent which was validated on the basis of Grahame and pK-1 model depicting
the surface electrostatic potential nature of charges. Van’t Hoff plot was employed on the thermody-
namic data of adsorption for attaining the change in entropy (AS) and enthalpy (AH), in addition to
the Gibb’s free (AG) change as well.
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1. Introduction

For human health, among the trace elements essential in
diet for development and growth, zinc occupy an import-
ant position as it is a known fact that zinc deficiency in the
nutrition of humans could lead to serious health issues
and biological abnormalities such as intrauterine growth
restriction, late sexual maturity, and reduced adaptive
immunity. Zinc is potent to cell physiology such as various
biological functions including cell metabolism, cell divi-
sion, DNA translation for protein biosynthesis and plays
an important role in membrane-stabilizing along with the
antioxidant activity and sustains sperm period of validity
by DNases inhibition [1]. A number of metalloenzymes
use Zn(II) as structural and catalytic cofactor such as RNA
polymerases that helps in gene regulation and DNA repli-
cation, superoxide dismutase compromising cell’s frontline
against the reactive oxygen species (ROS), and carbonic
anhydrase habituating enzymatic functions of erythroid
cells, the renal collecting tubules, gastric delomorphous
cells and muscle tissue [2]. Moreover, zinc is involved in
the synthesis and the breakdown of carbohydrates, lipids,
proteins and nucleic acids, and in the metabolism of other
trace elements [3]. On the other hand, presence of excess
amount of zinc in human body could also result in various
adverse health problems such as the electrolyte imbalance,
nausea, anaemia and lethargy [4]. Therefore, there is dire
need for the selective adsorbents in order to separate and
pre-concentrate trace amount of zinc in complex matrix
such as environmental, food, pharmacological and bio-
chemical samples using facile and sensitive method of anal-
ysis. In addition, the removal of excess zinc during water
treatment process is also an important area that requires
further consideration.

Different solid sorbents have been applied previously
for solid phase extraction of Zn(Il) from various matrices.
Kolev et al. [5] used polymer inclusion membrane (PIM)
which was functionalized by immobilizing di(2-ethyl-
hexyl)phosphoric acid (D2EHPA) as metal ion carrier
onto poly(vinyl chloride) (PVC) to be used as Zn(II) selec-
tive solid phase for purpose of extraction in the presence
of interfering agents such as Cd(II), Co(II), Cu(II), Ni(II)
and Fe(Il) in aqueous medium. Similarly, multi-walled
carbon nanotubes (MWCNTs) functionalized with met-
al ion carriers such as di-(2-ethylhexyl)phosphoric acid
(D2EHPA) and tri-n-octyl phosphine oxide (TOPO) has
been applied as solid phase adsorbent for Zn(Il) ions in
natural water samples with an enrichment factor of 25,
adsorption capacity of 4.82 mg g™ and detection limit
of 60 ug L [6]. Amino groups were immobilized on sil-
ica gel which were chemically functionalized with p-di-
methylaminobenzaldehyde (p-DMABD) and used as a
selective adsorbent for Zn(II) solid phase extraction using
batch and column methods as reported by Chang et al.
[7]. Inductively coupled plasma-optical emission spec-
trometry (ICP-OES) was applied as a technique for metal
ions determination. Zhao et al. [8] synthesized Zn(II) ion-
imprinted polymer using 8-acryloyloxyquinoline (8-AOQ)
monomer and ethylene glycol dimethacrylate (EGDMA) as
a cross-linker while applying 2,2’-azobisisobutyronitrile
(AIBN) as thermal initiator. Leaching was performed

to remove Zn(Il) ions from the cross-linked co-polymer
which resulted in selective adsorbent for Zn(II) ion solid
phase extraction showing maximum adsorption capacity
of 3.9 mg g™. The cross-linked co-polymer of acrylonitrile
with N,N’-Methylenebis(acrylamide) was modified with
2-aminopyridine and used as an adsorbent for Hg(II),
Cd(II) and Cr(IIl) ion showing an adsorption capacity of
3.3, 0.94 and 0.43 mmol g7, respectively [9]. The use of
novel polymers for ion imprinting intended for heavy
metals separation has attracted considerable attention
such as the latest studies highlights its background for
its potential design and synthesis for the elaboration
of the adsorption mechanism [10,11].

Ion-imprinted polymers (IIPs) are functionalized poly-
meric adsorbents that are selective in nature to specific ana-
lyte for which it is designed which renders them suitable
for either metal ions removal or pre-concentration when
it comes to handling of the complex matrix [12]. As for
an analytical process, sample preparation is of significant
importance as inappropriate pretreatment of sample will
result in loss of target analyte as well as its contamination
that can compromise the accuracy of data of the research
[13]. Similarly, the target analyte enrichment and their
isolation from matrices of complex nature is also a prime
challenge when performing analytical measurements [14].
The fundamental aspect of ion imprinting adsorbent is the
metal ion’s binding affinity with the active site which is the
consequence of the metal ion complexation with the che-
late. The ability of the ion-imprinted polymers (IIPs) is to
recognise ion selectively which can be used under severe
conditions of high acidity or alkalinity, high tempera-
ture and pressure in addition to their facile and low cost
preparation [15]. The first step in the ion imprinting pro-
cess is the preparation of metal ion complex with a suit-
able ligand followed by its entrapment in the cross linked
polymer matrix and finally the removal of the metal ion
(template) to leave behind an active recognising site which
will be able to selectively distinguish between the tem-
plate and other interfering metal ions in the matrix. The
ion-imprinted polymers can have various dimensions hav-
ing specific binding sites for template in the form of par-
ticle (nano/micro), beads, monolith, cryogel or hydrogel
[16]. These selective polymeric adsorbents can be utilized
to prepare packed columns that have required selectivity
level [17].

Flame atomic absorption spectrometry (FAAS) is an
analytical technique that has significant importance when
it comes to metals determination at trace amounts of parts
per million (ppm) and parts per billion (ppb) along with
sensitivity and selectivity [18,19]. The sensitivity of FAAS
can further be improved when the matrix containing metal
is subjected to separation and pre-concentration treatment
using a selective adsorbent such as ion-imprinted polymers
(IIPs) which has chemical affinity for the target metal in the
matrix. Factors such as the ligand-metal interaction, metal
ion complex symmetry, metal ion charge and coordina-
tion number and interactive electrostatic affinity between
the cross-linked polymer and metal ion complex deter-
mine the selectivity and sensitivity of IIPs [20]. Therefore,
ion-imprinted polymers (IIPs) received considerable atten-
tion in the field of research for application in catalysis,
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chromatography, solid-phase extraction, supported liquid
membrane extraction and sensors [21].

For the present study, a Zn(Il) ion-imprinted polymer
was prepared by precipitation polymerization using potas-
sium persulfate as thermal initiator, with the focus on the
selective recognition of Zn(Il) ions. The metal complex was
prepared by using 8-hydroxyquinoline as complexing agent
for Zn(Il) ions. The metal complex was then entrapped
physically as a template for Zn(Il) ions, in the cross-linked
polymer of acrylonitrile as functional monomer and N,N’-
Methylenebis(acrylamide) as cross-linker. After the removal
of Zn(Il) ions from cross-linked polymer leaving behind
active sites, resulted in a highly selective imprinted solid
phase which was used to pre-concentrate and determine
Zn(Il) ions concentration in target matrix by flame atomic
absorption spectrometry (AAS).

2. Materials and methods
2.1. Materials

Acrylonitrile which was stabilized with hydroquinone
monomethyl ether was used as a functional monomer for
synthesis and was purchased from Sigma-Aldrich (Merck).
N,N’-Methylenebis(acrylamide) with 99% purity was used as
cross-linker and was purchased from Sigma-Aldrich (Merck).
Deionized water was used as solvent and potassium persul-
fate (99% purity) as thermal initiator was also purchased
from Sigma-Aldrich (Merck). 8-hydroxyquinoline having
99% purity was purchased from Sigma-Aldrich (Merck) and
used as a chelating agent for Zn(II) ions. Zinc sulfate heptahy-
drate (ZnSO,-7H,O) was also procured from Sigma-Aldrich
(Merck) having 99% purity. For the purpose of performing
leaching, glacial acetic acid (99.7%) was procured from Alfa
Aesar (Thermo Fisher Scientific). Commercial methanol
was purchased which was double distilled prior to use.

2.2. Instrumentation

For the purpose of metal determination, flame atomic
absorption spectrophotometer purchased from Perkin-
Elmer, USA (AAnalyst 800) was used which applied
deuterium background correction while having CTA
2000 as single-element hollow cathode lamp and Zn(II)
absorbance was recorded at 213.9 nm applying a spec-
tral bandwidth of 0.5 nm. For observing the morphology
of the cross-linked polymeric adsorbents, scanning elec-
tron microscopy (SEM) micrographs were captured using
a JEOL JSM-6300 (Japan) for which the aqueous solutions
of the cross-linked polymeric adsorbents were dried on a
glass slide under vacuum for approximately 4 h at 60°C
and subsequently, sputter coated with gold. PerkinElmer
Spectrum 1000 (USA) Fourier-transform infrared (FTIR)
spectrophotometer, having 1 cm™ resolution, was applied
to record the infrared (IR) transmittance spectra using KBr
pellet at room temperature. For minimizing the solvent
molecules interference in FTIR spectrum, the cross-linked
polymeric adsorbents were placed under vacuum for
drying at 60°C for 2 h. For measuring the specific surface
area along with the porosity and pore-size distribution of
the cross-linked polymeric adsorbents, N, adsorption was

performed at liquid nitrogen temperature (77.350 K) using
the Quantachrome NOVA 2200E model. In order to remove
adsorbed gases (N,,O,) and moisture from the samples,
they were placed under high vacuum for heating at 70°C
for 6 h in a vacuum oven prior to analysis. For determin-
ing the parameters of the electrokinetic, the electrostatic
(zeta) &-potential was measured at 25°C by applying a
Malvern Zetasizer Nano ZS (UK) that utilizes a laser (4 mW
He-Ne laser at A__ =633 nm) Doppler electrophoresis tech-
nique using the folded capillary cell equipped with the
electrodes of gold. Zetasizer software was used to perform
instrument calibration in order to minimize the noise which
appears in the laser signal during data collection. A delay
time of 5 min was set in order for the sample to equilibrate
before carrying out the measurement of the electrophoretic
mobility data which was used in the following equation
to determine the electrostatic (zeta) &-potential [22];

_ Snu;
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where U, is the electrophoretic mobility, € is the medium
permittivity constant, m is medium’s viscosity, 1/k
denotes the Debye length which is the statistically cal-
culated electrical double layer thickness of ions pres-
ent at the surface, a is the radius of the particle and
f(ka) represents the Henry’s function value, determined
while assuming 1.5 value for Smoluchowski approxi-
mation on the basis of Smoluchowski model, for aque-
ous medium which is polar having moderate electrolyte
concentration [23]. Furthermore, in order to evaluate
adsorbent’s pH_ ~that represents the pH at which point
of zero charge 1s acquired, a colloidal suspension having
0.1 g L' adsorbent is prepared in the deionized water
which was ultrasonicated for 40 min to acquire maximum
pH relaxation that is controlled by using 102 N aqueous
solutions of NaOH and HCI. After obtaining the superna-
tant liquid from the sample followed by centrifugation,
was used for the electrostatic -potential measurement.

2.3. Non-imprinted polymer synthesis

Non-imprinted polymer was synthesized by add-
ing 12 mL deionized water in a vial as a solvent, 0.96 g
acrylonitrile as a functional monomer, 0.1 g N,N’-
Methylenebis(acrylamide) as a cross-linker and 0.2 g potas-
sium per sulfate was taken as an initiator followed by
heating at 90°C for 3 h in water bath. The proceeding of
the reaction was followed by observing the appearance of
white precipitates in reaction mixture. Washing was per-
formed through centrifugation where deionized water and
methanol was used to wash the non-imprinted polymer and
was kept in oven for drying at 100°C for 24 h. Afterwards,
the samples were crushed to powder in agate mortar and
pestle.

2.4. Zn(1l) ion-imprinted polymer [Zn(II) IIP] synthesis

The Zn(II) IIP synthesis is depicted in Fig. 1. Zn(II) com-
plex was formed using 8-hydroxyquinoline as a chelating
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Fig. 1. Preparation of ion-imprinted polymer (IIP) [Zn(II) IIP].

agent at pH-10 by adding 3 mL of 100 mg L™ of ZnSO,-7H,0O
salt aqueous solution, 7 mL of 100 ppm of 8-hydroxyquin-
oline and 2 mL pH-10 in a vial. After complex formation
polymer reagents were added in the following sequence,
0.96 g acrylonitrile as a functional monomer followed by
0.1 g N,N’-Methylenebis(acrylamide) as a cross-linker and
0.2 g potassium per sulfate as an initiator. The vial was
heated at 90°C for 3 h in water bath and the proceedings
or the polymer reaction was followed by observing the
white precipitates in the reaction mixture. Zn(Il) IIP was
washed with methanol to remove unreacted reagents and
then washed with 56% acetic acid and 1M HCI solutions
to remove the template ion. Drying was performed in oven
at 100°C for 24 h. Afterwards, the samples were crushed to
powder in agate mortar and pestle.

2.5. Determination of surface charge

In order to determine the surface charge density as
function of pH, acid-base potentiometric titrations were
carried out with constant background electrolyte concentra-
tion. The respective H* and OH" ions adsorption densities,
determined using the surface area S of the adsorbents and
the initial and final pH after adsorbent was added to the
known amount of acid or base in a suspension, were used to
determine the surface charge density o™ as [24,25];

oM =F(I,. +T, ) )
r, =) 5"1}) )
r - (nOH’ B ng)H’ ) @)

i -

Template Removal

Co-polymerization

where F denotes the Faraday’s constant, I';;, &I o are the
H* and OH- ions number of moles adsorbed per cm? n,.
and n o are the total H* and OH- ions number of moles
added to the suspension, ng and ng _ are the number of
moles added to blank to give the same pH. A constant
background electrolyte concentration 0.01 N KCI was
employed to fix the activity coefficient during the titra-
tions. For performing the acid-base titration, standard-
ized aqueous solutions of HNO, (0.1 M) and KOH (0.1 M)
were used for attaining the required pH either on the
acidic or basic side. In the same way, blank titrations were
carried out in the absence of the adsorbents.

2.6. Equilibrium binding experiment

Batch equilibrium binding experiments were per-
formed to study the adsorption isotherms, thermody-
namic and kinetics parameters [26]. To perform this
experiment, 0.05 g cross-linked polymeric adsorbent was
added to 5 mL solution of adsorbate at neutral pH. In
order to achieve dynamic equilibrium for adsorption of
adsorbate on adsorbent, orbital shaker (MaxQ7000) with
thermostatic water bath was applied for shaking pur-
pose for 5 h at 100 rpm as shaking speed. The adsorbents
were separated through centrifugation (Hettich MIKRO
220) from the adsorbate solution when performed for
30 min at 10,000 rpm followed by determining adsor-
bate concentration in the supernatant by employing a
flame atomic absorption spectrophotometer [27]. The
adsorption equilibrium and thermodynamic data was
determined for adsorption of Zn(II) on both the non-
imprinted polymer (NIP) as well as Zn(II) IIP at four dif-
ferent temperatures (303, 323, 343, and 363 K) using Zn(II)
solution with different concentration in the range of
20 to 100 mg L.
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2.7. Kinetic study

Kinetic study of Zn(II) ions adsorption on both NIP as
well as Zn(II) IIP was found at four different temperatures
(303, 323, 343, and 363 K) by adding 0.05 g of each adsor-
bent separately in the 5 mL of 100 mg L of Zn(II) solution
for different time interval. Variations in the time were 10,
30, 60, 120 and 180 min respectively. Both NIP as well as
Zn(II) IIP was separated from the solution via centrifuga-
tion and the flame atomic absorption spectrophotometry
was performed to find the equilibrium concentration of
Zn(II) in supernatant solution. The data was further ana-
lysed by using the important kinetic models known as
pseudo-first-order, pseudo-second-order and intraparticle
diffusion model.

2.8. Selectivity studies

For evaluating the imprinted polymer’s selectivity, com-
petitive adsorption was carried out for the Zn(Il) ions and
other metal ions (M) on NIP and Zn(Il) IIP as adsorbents
by employing their mixtures, respectively. The expressions
for the K, (mL g') denoting distribution coefficient, k rep-
resenting the selectivity coefficient, and the k' as relative
selectivity coefficient are given below as:

K :(Co_ce)v (5)
! Cm
K
K, = d Zn(II) ©)
Kagu
k
,_ (e)
K- 7
P 7)

(NIP)

where C and C, denotes the initial and equilibrium con-
centration of the each respective metal ion in solution.
K and K

d Zn(IT) d (M)

denotes Zn(Il) and M ions distribution

coefficient, respectively. Similarly, Zn(Il) and M ions selec-
tivity coefficient are k, and k,, respectively (M denotes
the interfering metal ion).

3. Results and discussion
3.1. Scanning electron microscopy

For observing the morphology of NIP and Zn(II) IIP
adsorbents, micrographs were taken using SEM. The NIP
adsorbent show homogeneity with respect to shape having
nearly oblate spheroid shape beads with narrow size distri-
bution with homogeneous dispersion ranging from 100 to
300 nm in diameter as shown in Fig. 2a. Whereas the SEM
micrographs of the Zn(II) IIP adsorbent show wide size dis-
tribution with range from 70 to 250 nm in diameter and also
show minor agglomeration and non-uniform polydispersity.
In addition, the Zn(II) IIP adsorbent appear to have more
rough topological appearance than NIP adsorbent which
indicates imprinted cavities formation at surface leading
to increase in porosity and hence the specific surface also
increase which is the reason of increase in the adsorption
surface phenomenon as shown in Fig. 2b that also depicts
the interaction between the polymer and metal ion complex.

3.2. Fourier-transform infrared spectroscopy

There is similarity in the backbone of the co-poly-
mer comprising of acrylonitrile as monomer and N,N’-
Methylenebis(acrylamide) as a cross-linker in NIP and
Zn(II) IIP cross-linked polymeric adsorbent due to which
the molecular structures for both bears similarity in the
IR spectrum as shown in Fig. 3. The characteristic IR peak
for amide (N-H) group stretching vibrations appears at
3,350 cm™ whereas the stretching vibrations of carbonyl
(C=0) group for secondary amide show strong absorp-
tion peak at 1,672 cm™ and weak IR peak at 2,244 cm™!
can be assigned to nitrile (C=N) group stretching oscil-
lations [28]. The N-H bending vibration has peak that
appears at 1,526 cm™ [29]. For the Zn(Il) ion-imprinted
polymer, the characteristics IR peak at 785 cm™ is assigned

12 BEE B. Skm

CRL UOP

Fig. 2. SEM micrographs of (a) non-imprinted (NIP) polymer and (b) Zn(II) ion-imprinted (IIP) polymer adsorbents.
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Fig. 3. FTIR spectrum of non-imprinted (NIP) and Zn(II) ion-
imprinted (IIP) polymer.

to C-H wagging mode of vibration attributed to pres-
ence of 8-hydroxyquinoline coordinated to Zn(II) cation.
The absorption peaks at 732 and 824 cm™ (C-H wagging)
ascribed to Zn(Il) cation complex with 8-hydroxyquino-
line as reportedly previously, show slight shift to higher
frequencies at 765 and 832 cm™ which can be attributed to
the formation of coordination complex between Zn(II) ion
and at 8-hydroxyquinoline [30,31]. The strong absorption
peak at 1,117 cm™ can be attributed to C-O stretching vibra-
tions at the C-O-M site [32]. The peaks associated with
aromatic ring stretching in 8-hydroxyquinoline appear at
1,372 and 1,452 cm™. The absence of IR peak at 1,630 cm™
attributed to double bond stretching vibrations confirms
the absence of the reactive vinyl group [29].

3.3. Surface area analysis

The capillary condensation is prime mechanism behind
the stepwise accumulation of the adsorbate at the porous
surface which can be termed as pore filling phenomenon as
depicted in the nitrogen adsorption isotherms of NIP and
Zn(Il) IIP adsorbents as shown in Figs. 4 and 5. The mul-
tilayer model of Brunauer—-Emmett-Teller (BET) adsorption
isotherm is fitted linearly below the recommended p/p° limit
on the equilibrium adsorption data for N, adsorption at
the adsorbent surface leading to the multilayer formation,
for evaluating the adsorbent’s specific surface area;

1:c—1m+1 ®
P Q.c\p’) Qe
6]

where Q is the volume of adsorbed gas per unit adsor-
bent mass (cm® g'), Q, is the volume of adsorbed gas
when surface coverage is unimolecular (ecm® g7), p° is
the standard pressure, p is the equilibrium pressure and
c is the constant which relates the heat of adsorption to
heat of liquefaction at constant temperature [33]. For NIP

adsorbent, the evaluated BET specific surface area is found
to be 337.30 m? g whereas 439.54 m? g specific surface
area is observed for Zn(II) IIP adsorbent and this prominent
increment can be attributed to the formation of imprint-
ing cavities at the surface and in the bulk leading to an
increase in the number of active sites.

In order to evaluate statistically the thickness of adsor-
bate at the adsorbent surface, de-Boer equation is applied
which is given as;

1/2

- 13.99
HA)=| ———— 9)
log[pJ +0.034
p

where f represents the adsorbed layer statistical thick-
ness (A) [34]. By plotting the quantity of N, gas adsorbed
per gram of adsorbent at the relative pressure against the
thickness ¢ (P), t-plot is attained which provides an insight
into the porous adsorbent surface through evaluating the
pore internal as well as external surface coverage. When the
adsorbent surface is non-porous, a linear ¢-plot is obtained.
On the other hand, non-linear t-plot is obtained when the
absorbent surface possesses porous texture. The total sur-
face area incase of the porous texture can be attributed to
both internal and external surface coverage and can be
evaluated from the linear fitting of t-plot region before
the capillary condensation occurrence. After the capillary
condensation leading to pore internal surface coverage is
achieved, is followed by the occurrence of adsorption on the
external surface which can be obtained from the slope of
the linear fit of the t-plot region corresponding to external
adsorption whereas the intercept provides the value of the
mesoporous volume. As these two regions are apparently
visible in the t-plot, it points the fact that the adsorbents
are mesoporous in nature. In case of NIP adsorbent, the
mesopore volume is found to be 0.332 cm?® g which shows
anincrease to 0.364 cm® g™ for Zn(II) IIP adsorbent. Similarly,
the mesoporous surface area obtained by the subtraction
of the external surface are from the total surface area is
183 m? g for NIP adsorbent and 297 m? g™* for the Zn(II) IIP
adsorbent. When the linear fir in ¢-plot region of low pres-
sure fails to pass through origin leads to false speculation
of the microporosity presence as this method is suitable for
evaluating the adsorption data if mesopores are 10 times in
size as compared to the adsorbate molecule (N, molecule).
Therefore, if the diameter of the mesopore is large, then it
could be assumed that the mesoporous surface adsorption
follows the mechanism of the flat surface adsorption [35].
The polydispersity in the pore size is apparent in the
nitrogen adsorption isotherm as pore condensation phase
is not prominent. So the pore size as well as pore-size
distribution is evaluated by applying Barrett-Joyner—
Halenda (BJH) method of analysis to the nitrogen adsorp-
tion isotherm for adsorption at 77 K when cylindrical pore

2V
shape is presumed (Area of pore=A = Tp) for completely

.. P .
characterizing the surface texture and corresponding
equations for measurements are given as [36];



T.U.H. Zia et al. / Desalination and Water Treatment 268 (2022) 67-88 73

400

<
[ =<}~ Non-Imprinted Polymer (@) g
350 4 é{
o

300 4
o 4
e <
@ 250 <{
5 _fq
= 200 «
B qa<<=
5 <
3 150 «
2 <
x 4
£ «
= 100 ;
& <1<|‘<1‘<l
g s
S d«éq.ﬂ g

0]
T T T T T T T T T v
0.0 02 04 06 08 1.0
Relative Pressure (p/p°)
400
—=a
‘ - Non-Imprinted Polymer ] (c) /A/A
350 iy
AL
3004 A
o A
7 74
2 250 A
§ £
= 200 a8
2 LAl
S A
b A
2 150 £
= A
| g
g 100
[e]
s
A
0 T T T T v T

0 5 10 15 20
Thickness (A)

6.0x10°

[ —O~—Non-Imprinted Polymer | (b)

5.0x10° o

4.0x10° o

3.0x10° o

1[Qp%p-1)]

2.0x10° <

1.0x10°

T T T T T T T
0.0 0.1 0.2 03 0.4 0.5

Relative Pressure (p/p°)

0.125 4

[ ——Non-Imprinted Polymer (d)

0.100 4

0.075 4

AV/Ar

0.050 4

0.025 4 L

WAL
(‘] ' 1(‘10 ' 2(‘)0 ' 300
r.(A)

0.000 4

Fig. 4. (a) Nitrogen adsorption isotherm at 77 K, (b) BET surface area plot for nitrogen adsorption at 77 K with linear fitting, (b) t-plot
model applied on nitrogen adsorption at 77 K with linear fitting, and (c) BJH model pore-size distribution for non-imprinted (NIP)

polymer.
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where pore volume is represented as V, given volume of

gas desorbed is AV, radius of pore which is empty is given

as r, radius of inner capillary of pore if physically adsorbed
v .

layer is present is denoted as r, and the adsorbed layer sta-

tistical thickness is ¢. For NIP as well as Zn(II) IIP, the size

of pore is greater than 6 nm confirming the presence of the
mesoporosity in both the polymer adsorbents respectively.
The remaining physical parameters of texture of surface as
obtained by BET model and t-plot method are presented in
Table 1.

3.4. Electrokinetic analysis

On the basis of the Gouy-Chapman theory, the approx-
imation is performed using Boltzmann factor for the con-
centration of the ionic specie in close proximity of the
charged surface in order to acquire the total charge available
per unit volume o(x) as;

(14)

—cs

where the concentration of ionic specie in the bulk is rep-
resented as 7, the ionic specie valency is denoted as z,
charge on the electron is given as e (C), k is the Boltzmann
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Table 1
Typical textural and surface parameters derived from N, adsorption at 77 K on non-imprinted polymer (NIP) and Zn(II)
ion-imprinted (IIP) polymer using BET and ¢-plot models

Adsorbents BET adsorption isotherm model t-plot method
SBET (mz g_l) ¢ Qm RZ VMesopore (Cm3 g_l) SMesopore (mz g_l) SExternal (mz g_l) Si—plot (m2 g_l) R2
NIP 337.30 1529 7749 093 0.332 32.56 182.83 0.019 0.92
Zn(II) 1IP 439.54 2729 10096 0.99 0.364 43.95 296.61 0.017 0.95
constant, zeta potential is represented as & (mV) and T It is elaborative in the above expression that there is

is the absolute temperature (K) [37]. On the other side, alteration in the & zeta potential with respect to the dis-
for a symmetrical electrolyte, the Poisson Boltzmann tance of the accumulated charge in the surface proximity
expression is represented as; occurring in the diffuse layer. As we know that the adsor-

bent surface charge density oM is approximately equal to
i (SkTn’ 12 . et solution phase charge density o°, therefore, the charge per
—= sinh| —
dx gg, 2kT

(15)  unit area o = g/A on adsorbent surface is monotonically
related to & potential as;
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(16)

= (8kngon ) smh[ 25 J 17)

2kT

Eq. (17) also known as the Grahame equation car-
ries the significance for satisfying the condition of elec-
troneutrality as the charge in the double layer solution
phase becomes equal to the surface charge and is shown
in Fig. 6b [38]. Similarly, when the positive and negative
sites at the surface of the adsorbent achieve equality, then
the state of the point of zero charge (pzc) is attained at
the adsorbent’s surface referring to the zero surface charge
density and is also represented as pH__ represented in
Fig. 6a. When the pH value is below the pH,,. the adsor-
bent surface is abundant with the positive charged sites
and for pHvalues above pH_, it is predominantly popu-
lated with the negatively Charge sites due to which there
is a prominent effect of pH on the adsorbent’s £ potential
as shown in Fig. 6a and b. The amino group in the acry-
lonitrile undergoes protonation to NH} group with the
pH increase resulting an overall increment in the & poten-
tial values for both the non-imprinted as well as Zn(II)
ion-imprinted polymer [39]. There is also the adsorption
of the H* ions at the surface of adsorbent causing a shift
in & potential to positive side. The Zn(II) IIP have higher
& potential as compared to NIP because of the introduc-
tion of the additional functionalities due to presence of
the 8-hydroxyquinoline which has the ability to gain or
lose proton that either results in dissociation or forma-
tion of 8-hydroxyquinolinato-chelate complexes which can
also be an associated reason for the & potential decrease
with pH values increase as well [40]. As obvious in Fig. 6a,
for NIP, the pH,, is 6.6 which reduce to 5.9 for Zn(II) IIP,
respectively.

The electrokinetic properties of the polymer adsorbents
depends upon the pH of a solution which is on contact
with them as the surface molecular groups of adsorbents
exposed to the surrounding environment show alteration
in there ionic state corresponding to the pH change in
the solution. Since the increase in the pH value increase the
negative charge on the adsorbent surface due to which the
positively charged Zn(II) ion forms complex with active
sites on the surface of adsorbent due to attractive electro-
static forces resulting an increase in the adsorption effi-
ciency as shown in Fig. 6¢c. On the other hand, the repulsive
electrostatic forces are prominent between adsorbent and
adsorbate at the pH value below pH_ [41].

It is assumed that either the surface moieties when
undergo ionization or the charge determining ions when
adsorb at the surface is responsible for the surface charge.
The aqueous ions distribution in the surface vicinity is
influenced by the surface charge leading to the formation
of an electrical double layer. The surface charge density is
given as [42];

o - ;N{{SOH;} _[SOH;}}

(18)

where the SOH}* (T',.) and SOH" T’ represents the
surface groups in protonated and deprotonated states
with concentration given in moles per litre denoted by
square brackets ‘[]". Similarly, N is the unit conversion fac-
tor for transforming the concentration units to the charge
density units which is given as

AM

where the Faradays constant is denoted as F, V is solu-
tion volume, A denotes the specific surface area and M is
the mass of the adsorbent. Since the Gouy—Chapman the-
ory is the basis of Eq. (17), which is known as Grahame
equation that correlates the surface charge density o to
the observed zeta potential & value while taking into con-
sideration the diffuse layer that validates it for the back-
ground electrolyte which is symmetric 1:1. The high values
of the zeta potential & do correspond to the high surface
charge density that plays key role not only in stabilizing
the colloidal dispersion but also facilitates the adsorp-
tion process. As evident in Fig. 6d and e, the theoreti-
cally determined values does follow the empirical values
which depicts the fact that surface groups on both the
NIP as well as Zn(II) IIP show the pK-1 model behavior
in protonation and deprotonation [43].

3.5. Adsorption equilibrium studies

While keeping in view that the adsorption equilibrium
is achieved in 90 min, and then for calculating the adsorp-
tion efficiency, the following expression is adopted [44];

—C, %100

o

Adsorption Efficiency = <, (20)

where the initial concentration is denoted as C, while C,
represents the equilibrium concentration of adsorbate dye
(mg L™). The adsorption efficiency for the adsorption of
Zn(II) ions on both Zn(II) IIP and NIP adsorbent was found
at four different temperatures (298, 323, 343, and 363 K)
which was plotted as the adsorption efficiency against the
initial adsorbate concentration. As shown in Fig. 7a, that
in case of NIP adsorbent, there was availability of active
sites for adsorption at the beginning of the adsorption
phenomenon due to which adsorption efficiency showed
a raise at low initial adsorbate concentration. But as the
concentration increased from 40 to 100 mg L™, a decrease
was observed in the adsorption efficiency which was the
indication of the decrement in available active sites. It
could also be stated that when once the equilibrium was
established, then no more active sites were available for
adsorption of Zn(Il) ions. Similar explanation can be given
for adsorption of Zn(Il) ions on the Zn(II) IIP as shown in
Fig. 7b, but the adsorption efficiency was greater as com-
pared to NIP as there were more active sites at the surface
due to imprinting using 8-hydroxyquinoline as chelating
agent which served as an incremental factor for increase
in adsorption of Zn(II) ions [45]. However, it was observed
that with the elevation in temperature, the adsorption
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efficiency showed decrease pointing to an inverse relation
between temperature and adsorption efficiency for both
Zn(Il) IIP as well as NIP adsorbent. The adsorption effi-
ciency showed decrease with the increase in temperature
pointing to the exothermic nature of the adsorption of Zn(II)
ions on both Zn(II) IIP and NIP adsorbent [46]. The imprint-
ing phenomenon also results an increase in surface area
due to mesoporosity which can be attributed to increase
in the adsorption efficiency of Zn(II) IIP [47].

3.6. Equilibrium studies

For understanding the mechanism of adsorption of
Zn(1I) ions as adsorbate on NIP as well as Zn(Il) IIP adsor-
bent, the plots of the adsorption capacity g, against the
equilibrium concentration C, as shown in Fig. 8a and b, for
equilibrium adsorption data were attained elaborating the
adsorption isotherm models at four different temperatures.
For calculating the adsorption capacity of the adsorbents,
following equation was applied as

_(&-c)v

q,= 1)

m

where g, is the adsorption capacity of Zn(II) ions on adsor-
bent (mg g™), V is the volume of Zn(II) ion solution (L) and
m is the mass of adsorbent used (g). From the figure, it can
be inferred that the adsorption capacity increases sharply
with the increase in initial concentration until it reaches
the point of saturation and also show decrease with the
increase in the temperature pointing to exothermic nature
of adsorption process. As compared to the NIP adsorbent,
the maximum adsorption capacity was higher for Zn(II) IIP
adsorbent depicting the mesoporous nature of the adsor-
bent as elaborated previously. The exothermic nature of
the adsorption suggests that low temperature favours the
adsorption of Zn(II) ions on the NIP as well as Zn(II) IIP

which can be attributed to Zn(II) ions escaping from solid
to liquid phase with temperature elevation resulting in
adsorptive forces weakening. This corresponds directly to
the phenomenon of chemical adsorption occurring simulta-
neously with physisorption having low heat of adsorption
as signature [48]. In addition, the Zn(II) ions chelate with
the electron donating group of 8-hydroxyquinoline which
result in complementary cavities for the Zn(II) ions on the
IIP adsorbent whereas incase of the NIP adsorbent, there
are groups such as -NH and —C=O available for chelation.

Furthermore, the equilibrium adsorption data was fitted
linearly with different isotherm models such as Langmuir,
Freundlich and Dubinin—-Radushkevich which revealed
important parameters that elaborated the mechanism of the
adsorption process.

For the adsorption occurring at the homogeneous active
sites at the surface of the adsorbent leading to the mono-
layer adsorption, Langmuir isotherm model is applied which
evaluate the adsorbate monolayer formation on identical
sites and its linear empirical form is given as follows

&_1.,& (22)

where C, represents the equilibrium concentration of solute
(mg L), g, represents the equilibrium solid-phase adsorp-
tion capacity (mg g), K is the equilibrium adsorption con-
stant (L mg™) and g, illustrates the adsorbent maximum
monolayer adsorption capacity (mg g™) [49]. The straight
line plot of C/q, vs. C, gives the value of the maximum
monolayer adsorption capacity from the slope 1/, whereas
the equilibrium adsorption constant from the intercept 1/
q,K as represented in Fig. 9a and b. At 303 K, the adsor-
bent maximum monolayer adsorption capacity q, for the
NIP was 9.62 mg g™ whereas its value was 23.29 mg g! for
Zn(II) IIP. This means that the Zn(II) IIP adsorbent is more
efficient in adsorption for Zn(II) adsorption as compared
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(a) non-imprinted (NIP) and (b) Zn(II) ion-imprinted (IIP) polymer adsorbent.

to the NIP. In addition, the adsorbent maximum mono-
layer adsorption capacity g, for the Zn(Il) IIP for Zn(II)
ion adsorption is higher as compared to the previous
work performed by Supriyanto et al. [50] who reported a
value of 20.83 mg g7, respectively. It can be depicted from
this increase that the method adopted for imprinting was
successful in creating cavities on the surface due to bet-
ter interaction of the 8-hydroxyquinolinato-chelate com-
plexes with the polymer matrix which resulted in leaving
behind active sites after leaching resulting an efficient
supported matrix that has potential to be applied in the
separation process for the metal ions [46].

A dimensionless constant R, is the separation factor
derived from the Langmuir isotherm model equilibrium
constant K. The value of R, greater than 1 is indicative
of the unfavourable adsorption mechanism whereas for
0 < R, <1 depicts the favourable process of the physical
adsorption. In addition, irreversible process of chemi-
cal adsorption occurs when R, = 0 [51]. The equation for
R, factor is given as;

R, = !
1+KC,

(23)
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The R, factor values were found within the favourable
range of 0 < R, <1 for four different temperatures as given in
Table 2 depicting the favourability of occurrence of the phys-
ical adsorption at low temperature [52]. It is also worth not-
ing to report here that the adsorbent maximum monolayer
adsorption capacity g, (mg g™) show increase with decrease
in temperature which can be attributed to values of the R,
factor corresponding to the favourable nature of adsorption.

For the adsorbent surface possessing heterogeneous
sites with different affinities for adsorption of adsorbate,
the Freundlich adsorption isotherm is applied which sug-
gests that sites with higher affinity are occupied primarily
followed by adsorption at surface sites having less affin-
ity [53]. Accordingly, this explains the gradual decrease in
the adsorption capacity as the adsorbate concentrate at the
active sites [54]. The empirical equation of the Freundlich
isotherm is given in its linear logarithmic form as:

Ing, :anf +(1jlnCe (24)
n

where K, is the Freundlich adsorption constant indicat-
ing the adsorption capacity (mg g')/(L mg™) attained
from the intercept of the straight line graph of Ing, vs.
InC, whereas the slope provides the value of 1/n depict-
ing the adsorption intensity, referred to as the exponent of
non-linearity, respectively as shown in Fig. 10a and b. For
higher values of K. corresponds to significant occurrence
of the adsorption and its decrease with increase in tem-
perature points to decrease in adsorption due to exother-
mic nature [55,56]. If the value of 1/n < 1, then there is a
strong interaction between adsorbate and adsorbent as the
adsorption process becomes less desirable with the rise in
1/n value. The higher adsorption for the lower values of
1/n points to the fact that adsorption process is significant
due to strong interaction between adsorbate and adsorbent

In g_(mg/g)

‘ Non-imprinted polymer

1
25 3.0 35 40 45
In C_(mg/L)

which results in g, less dependent on the C, leading to
adsorption process enhancement [57]. The lower val-
ues of 1/n at lower temperature elaborate the enhanced
adsorption due to exothermic nature of the adsorption
process for Zn(Il) ions on NIP whereas for Zn(II) IIP
adsorbent, the 1/n values first show decrease followed by
increase suggesting an irregular behavior as function of
temperature.

Table 2 evaluates the parameters of Langmuir and
Freundlich adsorption isotherm models showing the cor-
relation factor R? of Freundlich isotherm model for both
Zn(II) IIP and NIP in the range of 0.843-0.989 and 0.468-
0.913 respectively which are higher as compared to the R?
values of Langmuir isotherm model suggesting that the
Freundlich adsorption isotherm for of Zn(II) ions adsorp-
tion is followed more closely depicting the heterogeneity
of the adsorbent surface [58].

Dubinin—-Radushkevich isotherm in its linear logarith-
mic form is given as;

Ing, =Ing, +K'¢? (25)
where g, denotes the equilibrium adsorption capacity
(mg g), g, represents the maximum monolayer adsorp-
tion capacity of adsorbent (mg g™) assuming the surface
to be microporous in nature [59], € is the Polanyi potential
and K’ is the adsorption energy constant (mol* kJ?) [60]. The
slope of the plot of Ing, vs. &* gives the value of K’ whereas
the intercept provides the value of g, as shown in Fig. 11a
and b. Polanyi potential & explains the adsorption depen-
dence on temperature by using the adsorbate equilibrium
concentration C, (mg L) in the following form given as:

e=RTIn| 1+~
CE

(26)
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Fig. 10. Equilibrium adsorption data fitted with Freundlich adsorption isotherm model for adsorption of Zn(Il) ions on
(a) non-imprinted (NIP) and (b) Zn(II) ion-imprinted (IIP) polymer adsorbent.
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Table 2

Values of various applied adsorption isotherm model parameters for adsorption of Zn(Il) ions (a) non-imprinted
(NIP) and (b) Zn(II) ion-imprinted (IIP) polymer adsorbent at different temperatures

Adsorption isotherm equation Langmuir
Adsorbent T (K) q, (mg g™) K (Lmg™) R, R?
298 9.620 0.0082 0.924 0.6271
NIP 323 -17.372 -0.002 1.022 -0.187
343 -2.150 -0.008 1.083 0.6361
363 -0.646 -0.010 1.112 0.8652
298 -23.283 -0.006 1.068 -0.127
P 323 16.992 0.004 0.959 -0.319
343 16.129 0.003 0.969 -0.308
363 -36.549 -0.001 1.008 -0.317
Adsorption isotherm equation Freundlich
Adsorbent T (K) K, ((ng g™)/(Lmg™)) 1/n R?
298 0.174 0.677 0.843
2 .02 1.01 .94
NIP 323 0.029 016 0.946
343 0.007 1.307 0.933
363 0.003 1.574 0.989
298 0.143 1.067 0.913
1P 323 0.091 0.923 0.468
343 0.082 0.851 0.595
363 0.029 0.993 0.904
Adsorption isotherm equation Dubinin-Radushkevich
Adsorbent T (K) K’ (mol? kJ?) E (k] mol™) q, (mggm) R?
298 -31.66 0.126 2.723 0.986
NIP 323 -50.79 0.099 1.856 0.719
343 -72.42 0.083 1.625 0.759
363 -95.53 0.073 2.287 0.885
298 -12.58 0.199 4923 0.647
1P 323 -23.23 0.147 2.894 0.309
343 -21.76 0.152 2.210 0.319
363 -37.25 0.116 1.719 0.611

where R is the universal gas constant. The increase in the
values of the & depicts the increase in adsorption efficiency
due to decrement in the C, value. The mean adsorption
energy E (k] mol™) value points to the adsorption nature
being physical or chemical and is correlated to adsorption
energy constant K’ as;

E=—— 27)

(2K)2

When physical adsorption occurs, E < 8 kJ mol™,
whereas E = 8-16 k] mol corresponds to chemical adsorp-
tion respectively [61]. For the adsorption of the Zn(II) ions
on both the NIP as well as Zn(II) IIP adsorbents, the E values
suggests the occurrence of the chemisorption correspond-
ing to monolayer formation as the adsorbate chelate with
the surface actives sites of adsorbent. The decrease in the

E values with the increase in the temperature also confirms
the hypothesis of exothermic chemisorption occurrence.

3.6. Adsorption thermodynamics

The change in the Gibbs free energy (AG), entropy (AS),
and enthalpy (AH) are the parameters of thermodynamics
used in order to study the equilibrium adsorption process
of Zn(Il) ions on both NIP as well as Zn(II) IIP with respect
to temperature. For evaluating the thermodynamic param-
eters, Van't Hoff equation is applied which integrates the
absolute temperature (T) to the adsorption equilibrium
constant (K) that is attained from the Langmuir adsorp-
tion isotherm model respectively. The logarithmic linear
Van't Hoff expression is given as [62];

o (22

(28)
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Fig. 11. Equilibrium adsorption data fitted with Dubinin-Radushkevich adsorption isotherm model for adsorption of Zn(II) ions on
(a) non-imprinted (NIP) and (b) Zn(II) ion-imprinted (IIP) polymer adsorbent.

The slope and intercept of the linear plot of InK vs. 1/T
as shown in Fig. 12, is used to find the change in enthalpy
(AH) and entropy (AS), respectively, whereas Gibbs free
energy change (AG) is determined by the equation given
below as [63];
AG=AH -TAS (29)

At equilibrium, AG as the driving force is related to the
adsorption equilibrium constant K as the standard Gibbs
free energy change AG° is inherently equal to zero and
AG is given at equilibrium by the following equation as;
AG =-RTInK (30)

So according to the calculated values of the thermo-
dynamic parameters as shown in Table 3 for both NIP as
well as Zn(II) IIP, AH values are negative indicating the
exothermic nature of adsorption for the adsorption of
Zn(II) ions [64]. The positive value for entropy change (AS)
suggests that there is no thermodynamic barriers for the
Zn(II) ions adsorption on adsorbent indicating the spon-
taneous nature of adsorption which cause an increase in
the randomness of the adsorption process [65]. The neg-
ative value of AG suggests that the spontaneous adsorp-
tion process of Zn(II) ions on both NIP as well as Zn(II)
IIP occurs which further increases with an increase in the
temperature indicating the exothermic nature of adsorp-
tion of Zn(II) ions on NIP whereas for Zn(II) IIP adsorbent,
a decrease is observed pointing to the endothermic nature
of adsorption [26].

3.7. Adsorption kinetic studies

The kinetic models of pseudo-first-order, pseudo-second-
order and intraparticle diffusion were applied to study the

adsorption kinetics. The linear equations for these models
are given as;
Pseudo-first-order kinetic model is [66];

ln(qg—qt):lan —kt (31)
Pseudo-second-order kinetic model is [67];

t_1 R (32)

9. k4. 4.

where g, is the quantity of Zn(II) adsorbed at equilibrium,
q,1s the binding capacity of Zn(II) ion at time ¢, k, and k, are
representing the rate constant of the kinetics models resp-
ectively. The value of k, is determined from the slope of the
plot of In(q, - q,) vs t for pseudo-first-order kinetic model as
shown in Fig. 13a and b whereas the k, value is determined
from the intercept of the plot of ¢/q, against ¢ as given in
Fig. 14a and b. The values for the various kinetic param-
eters determined after linear fitting of the pseudo-first-
order and pseudo-second-order kinetics are given in
Table 4. The value of the co-relation factor R* of pseu-
do-first-order kinetics for both on NIP as well as Zn(II) IIP
are in the range 0.784-0.951 and 0.897-0.976 respectively,
as compared to the R* values for pseudo-second-order
kinetics which are in the range of —-0.055-0.591 and 0.024—
0.997 for both polymeric adsorbents. By the comparison
of the R? values of both kinetic models, it is apparent that
the adsorption of Zn(Il) ions obeys the pseudo-first-order
kinetic pointing to the fact that there is a physical inter-
action between the Zn(II) ions and adsorbent and hence
only substrate dependent adsorption process occurs since
this kinetic model does not take into consideration the
diffusion that occur through the boundary as it suggests
a one step process for the adsorption [68]. Similarly, the
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theoretical value of q, , for pseudo-first-order kinetics for
the adsorption of Zn(II) ions for both on NIP as well as
Zn(II) IIP resembles the experimental g, as it does consider
the interaction between solvent and adsorbate. However,
the theoretical value of g, , for pseudo-second-order kinet-
ics is not quite close to the experimental g, which suggests
that the adsorption kinetics of Zn(II) ions does not follow
the pseudo-second-order kinetic, which can be attributed
to the less chemical interaction between the Zn(Il) ions
and adsorbent leaving the option of the chemisorption
as rate limiting step [69]. Hence it is both substrate and
adsorbate dependent adsorption process [70]. The ini-
tial concentration of adsorbate in addition to the adsor-
bent nature does influence the process of adsorption
which can also be responsible for the adsorption capac-
ity experimental and calculated values difference [71].
Furthermore, it can be stated that adsorption phenom-
enon in the liquid-solid phase occurs in multiple steps
which depends upon either pore dimension, surface dif-
fusion, film formation or heterogeneous sites of the pores

75

0
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O Non-imprinted polymer
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=
-2.5
504 H— o o
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Fig. 12. Logarithmic linear plot of InK vs. 1/T for the thermo-
dynamic parameters evaluation of adsorption of Zn(II) ions on
non-imprinted (NIP) and Zn(Il) ion-imprinted polymer (IIP)
adsorbent.

Table 3
Thermodynamic parameters of AG, AS, and AH

where adsorption occurs as whichever may be the limiting
step or the process may comprise multiple steps [72,73].

The intraparticle diffusion model elaborates the rate
of adsorption which considers the diffusion of adsorbate
towards surface of the adsorbent as rate limiting step for
which the linear equation is given as [74];

1
q,=kt*+C (33)
where g, is the quantity of Zn(II) ions adsorbed at equilib-
rium and k, is representing the rate constant of the intra-
particle diffusion model of kinetics. This model is based
on the hypothesis that the spreading of liquid film formed
in the mobile phase has an affect only on the starting time
period of the adsorption phenomenon and can be ignored.
This model is basically applicable for those adsorbents
which are porous in nature. Plot of /2 and g, as shown in
Fig. 15a and b have three definite segments, that is, (i) the
part at which the adsorption rate is very high known as
bulk diffusion, points to the starting bend or sharp-sloped
part, (ii) the intraparticle diffusion part is associated with
the following linear part, and (iii) the last segment direct-
ing the equilibrium is known as plateau part. Plot of {2
and g, was used to determine the value of C from the
intercept which indicates the boundary layer thickness,
whereas the rate constant k, is attained from the slope [75].
The assumption of this model is that if 2 vs. g, gave a
straight line plot along with passing through the origin,
then it would also be an indication that this model depicts
the rate determining step too. The evaluated parameters
of the intraparticle diffusion model as given in Table 4,
concludes the fact that the adsorption kinetic data was
well fitted linearly with this model, hence this model is
followed in the adsorption process. Since the graph didn’t
pass through the origin so, it is suggested that it was not a
slow step known as rate determining step [76].

3.8. Adsorption activation energy

Arrhenius equation was used to evaluate the activa-
tion energy for the Zn(II) ions adsorption on both NIP
and Zn(Il) IIP. Since the adsorption kinetics followed the
pseudo-first-order kinetics, hence the rate constant k, was
used to calculate the activation energy E  parameter which

Adsorbent AH (k] mol™) AS (k] mol™) T (K) AG (k] mol™)
-0.11 -0.0003 298 -0.021
323 -0.015
NIP 343 -0.009
363 -0.003
P -0.44 0.002 298 -1.046
323 -1.086
343 -1.126

363 -1.166
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Table 4

83

Comparison of kinetic models pseudo-first-order, pseudo-second-order and intraparticle diffusion model for adsorption
of Zn(II) ions on (a) non-imprinted (NIP) and (b) Zn(II) ion-imprinted polymer (IIP) adsorbent at different temperatures

Adsorption kinetic model for adsorption of

T (K) Tyerp (M 87) q,ca (MG ™) k; (1 min™) R?
298 3.695 3.972 0.022 0.869
323 3.012 2.767 0.006 0.784
NIP
343 2241 2.392 0.015 0.952
Pseudo-first-order 363 2.037 2.029 0.015 0.942
kinetic model 298 7.401 10.047 0.022 0.913
323 5.168 3.843 0.014 0.976
1P
343 4.203 2.528 0.012 0.905
363 3.749 5.054 0.019 0.897
T (K) Dy (MG &) T, (MG &™) k,(ggm”' min")  R?
298 3.695 -1.776 0.0024 -0.054
323 3.012 2.457 .0057 )
NIP 0 5 0.005 0.590
343 2.241 5.487 0.0006 0.123
Pseudo-second-order 363 2.037 5.119 0.0007 0.246
kinetic model 298 7.401 10.82 0.0009 0.814
P 323 5.168 5.518 0.0054 0.958
343 4.203 4247 0.0091 0.996
363 3.749 7.522 0.0006 0.024
T (K) Dyerp (M 87) Do (MB &) k (mgg'min")  C(mgg") R
298 3.695 7.845 0.043 0.375 0.590
323 3.012 6.382 017 449 862
NIP 0 0.0 0 0
343 2.241 8.341 0.020 0.368 0.862
Intraparticle diffusion 363 2.037 4.679 0.020 0.322 0.823
model 298 7.401 9.341 0.069 1.433 0.914
P 323 5.168 6.347 0.033 1.993 0.908
343 4.203 2.879 0.026 1.680 0.664
363 3.749 4.786 0.035 0.493 0.852
2
(a) 0O 298K 2 o (b) [ Zn (Il) ion imprinted polymer
323K
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Fig. 13. Pseudo-first-order model applied on kinetic data of adsorption of Zn(II) ions on (a) non-imprinted (NIP) and (b) Zn(II) ion-im-
printed polymer (IIP) adsorbent at different temperatures.
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Fig. 14. Pseudo-second-order model applied on kinetic data of adsorption of Zn(Il) ions on (a) non-imprinted
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Fig. 15. Intraparticle diffusion model applied on kinetic data of adsorption of Zn(II) ions on (a) non-imprinted (NIP) and (b) Zn(II)

ion-imprinted polymer (IIP) adsorbent at different temperatures.

was attained from the slope of the plot of InK vs. 1/T as
shown in Fig. 16 using the equation given below:

Ink=InA- E, (34)
RT

where A is Arrhenius constant (g mg™ min™), E_is activa-
tion energy (k] mol™), R is real gas constant (8.314 ] mol™)
and T is absolute temperature (K). In order to differentiate
between the physisorption and chemisorption phenom-
enon, the value of activation energy has been commonly
used, since easily reversible phenomenon is physisorption
which must have small activation energy value. In contrast,
chemisorption is due to strong force of attraction specifi-
cally when it is the involvement of chemical bonds which

can't be reversed easily, hence must have large activation
energy values. The standard values of activation energy E,
set for physisorption and chemisorption phenomenon are
in the range of 5-40 kJ mol™ and 40-800 k] mol™, respec-
tively. As shown in Table 5, the activation energy (E ) value
for both NIP and Zn(II) IIP lies below 40 k] mol”, that is
0.026 and 0.046 k] mol™ respectively, pointing to the fact
that there are weak Van der Waals force of attraction
between the Zn(Il) ions and adsorbent, hence suggesting
the occurrence of the physisorption phenomenon [77].

3.9. Selectivity study

For carrying out the competitive adsorption, the mix-
ture of each metal ion with Zn(II) ion such as Zn(II)/Cu(Il),
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Zn(II)/Co(Il), Zn(II)/Ni(II) and Zn(II)/Pb(Il) is employed
using NIP and Zn(II) IIP as adsorbents. The interfering
metal ions have similarity with respect to charge and
ionic radii to the Zn(Il) ions, respectively. The K, val-
ues of Zn(II) IIP for Zn(II) are higher in comparison with
the interfering metals of Pb(II), Co(II), Cu(Il), and Ni(II) as
listed in Table 6. Since, the actives sites created on Zn(II) ITP
after the template removal were complementing in shape,
size, charge and coordination symmetry to the imprinted
ion only due to which it has high k values as compared
to NIP which has low k value that can be attributed to
the random arrangement of functional groups of ligand
in the cross-linked polymeric network. It is apparent that

55
O Non imprinted polymer
O Zn () ion imprinted polymer
o
5.0
~ 454
= o
J [e]
w
4.0 o
o
35 T T T T T T y T i T T
2.7x10° 2.8x10° 2.9x10° 3.0x10° 3.1x10° 3.2x10° 3.3x10° 3.4x10°
1T (K"

Fig. 16. Activation energy plot for adsorption of Zn(II) ions on
non-imprinted (NIP) and Zn(Il) ion-imprinted polymer (IIP)
adsorbent.

Table 5

Comparison of activation energy E, and Arrhenius constant A
of Arrhenius equation applied to kinetic data of adsorption of
Zn(Il) ions on non-imprinted (NIP) and Zn(Il) ion-imprinted
polymer (IIP) adsorbent

Adsorbents A (g mg™ min™) E, (k] mol™) R?

NIP 146.6 0.026 0.008

mr 195.6 0.046 0.106
Table 6

Zn(II) ions are adsorbed to greater extent on the Zn(II)
IIP due to higher selectivity especially for Zn(II) ion.

3.7. Desorption

It is apparent from Fig. 6, that with the decrease in pH
value, the positively charged sites will appear predomi-
nantly on the adsorbent surface which will attribute to the
decrease in the Zn(Il) ions interaction with the active sites.
Therefore, in order to perform elution so that the adsor-
bent is regenerated, 0.1 N solution of HCl was applied
as eluting agent which will result in metal ion leach-
ing from both the adsorbents. The data for the Zn(Il) ion
desorption is listed in Table 7.

4. Conclusion

The adsorption equilibrium data shows that there
is a noticeable increase in the adsorption capacity of the
Zn(II) IIP as compared to NIP which can be attributed to
the increase in the occurrence of active sites at the surface
leading to the surface area increase which enhances the
adsorption phenomenon. The determination of the pH_
elaborates the pH effect on the adsorption efficiency since
at higher pH the adsorbent efficiency is high which is due
to anionic nature of surface of adsorbent. The pH value
increase results an increase in the negative charge on the
adsorbent surface due to which the positively charged Zn(II)
ion forms complex with active sites on the surface of adsor-
bent leading to an increase in the adsorption efficiency. The
adsorption equilibrium data was best fit with Freundlich
adsorption model suggesting the homogeneous nature of
adsorbent surface. The surface area analysis by BET show
an increase from 337.30 m? g~ for NIP to 439.54 m? g™ for
Zn(II) IIP which is due to formation of active sites at the
surface due to imprinting whereas an increase in the mes-
oporosity is observed by t-plot and BJH model as apparent
due to increase in the mesopore volume from 32.56 m? g~!
for NIP to 43.95 m? g for Zn(II) IIP which is responsible for
increase in adsorption efficiency as well. The spontaneity
of the process as indicated by Gibbs free energy negative
value reduces at elevated temperature while following the
thermodynamic study at the different temperature makes
it clear that the adsorption process is an exothermic pro-
cess. Similarly, the kinetic study does indicate that the rate
of adsorption is controlled by the rate limiting step of dif-
fusion confirming the occurrence of adsorption in more

Comparison of selectivity of non-imprinted (NIP) and Zn(II) ion-imprinted polymer (IIP) adsorbent for adsorption of Zn(II) ions

Metal type Zn(II) IIP NIP

K,(mLg™) k K,(mLg™) k K
Zn(IT) 32.822 17.532
Co(II) 0.892 36.795 11.821 1.482 24.827
Cu(Il) 21.749 1.509 14.798 1.185 1.273
Ni(II) 12.684 2.587 26.617 0.658 3.931
Pb(II) 17.463 1.879 22.754 0.771 2.437
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Table 7

Comparison of desorption of Zn(Il) ions from loaded non-imprinted (NIP) and Zn(II) ion-imprinted polymer (IIP) adsorbent

using 0.1 mol L HCl aqueous solution as eluent

Zn(II) ions added (ug) Zn(II) ions eluted (pg) (NIP)

Desorption % Zn(II) ions eluted (ug) (IIP) Desorption %

200 149.623
400 329.851
600 515.727

74.854
82.576
85.992

164.937 82.567
342.865 85.774
531.843 88.667

than one step. The low value of the adsorption activation
energy points to the physical nature of the adsorption.
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