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ABSTRACT

Electrokinetic analysis was carried out to study the nature of the electrostatic potential C at the
adsorbent surface as a function of surface charge density o to understand the interaction between
adsorbate and adsorbent. In the present study, precipitation polymerization was carried out in ace-
tonitrile for preparing an ion-imprinted polymer [Fe(Il) IIP] for Fe(II) ions by using acrylic acid
as functional monomer, the crosslinking agent was N,N’-Methylenebis(acrylamide), 1,10-phenan-
throline as chelating agent for Fe(Il) ions and azobisisobutyronitrile as thermal initiator. The
ion-imprinted polymer [Fe(Il) IIP] which was obtained after performing the leaching for Fe(II) ions
removal, displayed a greater affinity for selective recombination with the Fe(Il) ions as a target
analyte. The morphological analysis was performed by applying scanning electron microscopy
while the Fourier-transform infrared spectroscopy was employed to illustrate the different func-
tional groups which are present in the structure of the molecule. Similarly, the specific surface area
was determined to be 473.44 m? g for non-imprinted polymer (NIP) whereas 585.04 m? g™ for
Fe(Il) IIP by employing the Brunauer-Emmett-Teller (BET) model. Furthermore, the Barrett, Joyner,
Halenda model and t-plot method was used for evaluating the pore size distribution that illustrated
the surface texture nature to be mesoporous for both adsorbents. Langmuir, Freundlich, Dubinin—
Radushkevich and BET adsorption models were applied to the equilibrium adsorption data for
understanding the adsorption process. It was found that the adsorbent has a heterogeneous surface
as the Freundlich isotherm model was obeyed more closely by both the adsorbents. The maximum

adsorption capacity of 4.176 mg g™ was reported for NIP in comparison to 5.559 mg

g in the case

of the Fe(II) IIP. For the metal ion pairs of Fe(II)/Co(II), Fe(I)/Cu(Il), Fe(II)/Ni(II) and Fe(II)/Pb(II),
the relative selectivity coefficient k¥’ was found to be 32.412, 1.129, 1.508 and 1.264, respectively.
The adsorption kinetic data followed the pseudo-second-order kinetics more closely pointing to the
multistep mechanism of adsorption depicting the substrate and analyte dependency. Also, the Van't
Hoff plot was applied in order to determine the change in entropy (AS), enthalpy (AH) and Gibbs

free energy (AG) as thermodynamic parameters.
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1. Introduction

The use of heavy metals has been increased in recent
years which is the cause of many health issues around the
globe [1]. Various heavy metals are also required in trace
amounts for many biological functions as they play a vital
role in the redox and enzymatic reactions occurring in liv-
ing organisms. But the excess amount of these metals may
cause serious damages in tissues and cells which make
the possibility of certain disorders in human beings [2].
Many of its harmful effects on the cellular level have been
reported as they are responsible for the damage of cellular
organelles and the nucleus of the cell. They also disturb
the function of enzymes which may lead to disorders in
metabolism, repair mechanism and detoxification [3].

These metals can be removed through various tech-
niques from aqueous and non-aqueous solutions. For many
years, suitable removal methods have always been needed
which could overcome the limitations of cost, reusability,
sludge formation and time consumption. One of the most
reliable techniques is using imprinted polymer (IPs) which
was first introduced in 1972, whose widespread applica-
tions were discovered later on [4]. The polymer is processed
with a technique called Molecular Imprinting Technique to
make the template-shaped cavities in the polymer, which
make it highly selective to the target analyte [5]. The IPs
provide the binding sites to the target analyte with func-
tional groups having complementary shapes and sizes [6].
Due to its high recognition, the IPs have been successfully
applied in a variety of fields such as controlled drug deliv-
ery, catalysis, affinity separation, metal ions removal and
chemical sensing [7-9]. The IPs provide more fast and reli-
able results as compared to classical liquid-liquid phase
and solid-phase extraction procedures [10]. They have the
ability to mimic natural perceptions like biological recep-
tors and antibodies [11]. Molecular imprinted solid-phase
extraction is a low-cost and high stability technique giving
better selectivity and applicability to the analyte to form
complex even at trace level. The molecular imprinting tech-
nique coupled with the solid phase extraction enhanced
the efficacy to great extent [12]. Binding sites of these
molecularly imprinted polymers (MIPs) provide distinct
characteristics which depend upon the interactions created
among the template and monomer in the course of polym-
erization [13]. The molecularly imprinted polymers (MIP)
for the metal ions will be interpreted as ion-imprinted
polymers (IIP) [14].

The template has the central importance in the pro-
cess of molecular imprinting which guides the association
of functional monomers and cross-linker in a pattern of
desired shape and size. Traditionally templates are small
molecules or ions which are chemically inert during polym-
erization. It determines the level of selectivity and recogni-
tion of molecularly imprinted polymer [15]. The selection
of monomers depends upon the nature of the template
and the type of polymerization reaction. The interaction
between the monomer and template is due to the functional
groups of the monomer [16].

The cross-linker is used to lock the functional groups
of the monomers on the desired positions and tracks across
the template in order to preserve the cavities and provide

rigidity and strength to the imprinted polymer (IPs). The
role of the cross-linker is not only to provide structural
stability but also to stabilize the binding sites mechanically.
The nature of cross-linker determines the physical and
chemical properties and degree of cross-linking of the IPs [17].

The ion-imprinted polymers are prepared through
various techniques such as bulk polymerization, precip-
itation polymerization, suspension polymerization and
surface imprinted technique [18,19]. Among them, the reli-
able method for preparing the imprinted polymers is pre-
cipitation polymerization. With this technique polymer
of uniform shape and size can be synthesized by using a
homogeneous mixture of initiator, monomers and solvents
followed by precipitation of polymer from the mixture [20].
The size of polymer particles depends upon the solvent as
in poor solvents its size is in micrometer while it produces
turbid macroscopic gels in good solvents [21]. It is compar-
atively a simpler way of synthesizing imprinted polymers
in a poor solvent at high dilution [22].

Iron is one of the essential elements required for almost
all living organisms [23]. It is an important nutritional ele-
ment playing a vital role in cellular respiration, electron
transport chain and cell proliferation [24]. It is very useful
and used in many fields like making magnets, abrasives,
pigments, steel and polishing compounds. Iron is biologi-
cally very effective due to its chemical properties, that is, its
valency, complex formation and solubility. Environmental
pollution in the form of heavy metal ions has severe nega-
tive effects on living organisms. The organic and inorganic
species present in the liquid and solid are separated and
preconcentrated by applying a broad diversity of meth-
ods such as flocculation, filtration and precipitation which
have severe shortcomings of sludge formation and fowl-
ing [25]. Therefore, the removal of heavy metal ions is an
important obligation that requires state of art technology
of solid-phase extraction for its recovery from aqueous as
well as non-aqueous solutions. As ferric ion is stable in
nature but forms compounds such as iron(IIl) oxide-hy-
droxide that are insoluble in water, at and around pH 7
[26]. A suitable adsorbent is required for analytical applica-
tions in aqueous solutions of higher pH with oxygen-poor
conditions for evaluation of iron in ferrous form as ferric
form precipitates out mostly at higher pH [27]. In addition,
it is important to mention here that an analytical determi-
nation of ferrous ions in matrices of different nature is an
important task that requires an adsorbent selectively tuned
for it. Similarly, the presence of ferrous ions in certain
compounds reduces their optical properties due to which
it should be removed prior to manufacturing devices [28].
The polymers which are ion-imprinted will be used for
solid-phase extraction of very low concentrations of target
analytes which will render it an appropriate candidate for
pre-concentration level. Previously, the surface imprinting
technique has been applied to prepare a Fe(Ill) ion-im-
printed silica gel sorbent which is functionalized with thio-
cyanate group to increase its selectivity that achieved the
maximum binding capacity of 20.31 mg g™ at pH 4.2 [29].

The present study is concerned with the prepara-
tion of crosslinked ion-imprinted polymer for Fe(Il) ions
while employing acrylic acid as a functional monomer,
azobisisobutyronitrile as thermal initiator and acetonitrile
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as solvent. The complexing agent of 1,10-phenanthroline is
applied for coordination with the Fe(II) ions which will be
later on used to functionalize the imprinted polymer. The
as-prepared Fe(Il) ion-imprinted polymer (IIP) will be used
to adsorbed Fe(Il) ions from the aqueous medium using
ion-imprinted polymers.

2. Experimental
2.1. Chemicals and materials

Acrylic acid as a functional monomer, used for syn-
thesis was hydroquinone monomethyl ether stabilized
and was acquired from Sigma-Aldrich (Merck). N,N’-
Methylenebis(acrylamide) having 99% purity was employed
as a crosslinking agent and was procured from Sigma-
Aldrich, Germany (Merck, Germany). Acetonitrile (anhy-
drous) with 99.8% purity was applied as a solvent for syn-
thesis and azobisisobutyronitrile (AIBN) which was used as
thermal initiator was obtained from Duksan Pure Chemicals,
(South Korea). 1,10-phenanthroline with >99% purity was
procured from Sigma-Aldrich (Merck) and was employed
as a complexing agent for Fe(Il) ions. Iron(II) chloride as
anhydrous salt was also purchased from Sigma-Aldrich
(Merck) with 99.99% purity. Glacial acetic acid having 99.7%
purity was acquired from Alfa Aesar, Germany (Thermo
Fisher Scientific, USA) for performing leaching. Commercial
methanol was procured which was subjected to double
distillation before use. Hydroxylammonium chloride with
98% purity was also purchased from Fisher Scientific, UK.

2.2. Instrumentation

In order to carry out the morphological analysis of the
crosslinked polymer adsorbents, scanning electron micros-
copy (SEM) was applied to acquire the micrographs using
a JEOL JSM-6300 (Japan). Similarly, for carrying out the
infrared (vibrational) spectroscopy, PerkinElmer Spectrum
1000 (USA) Fourier-transform infrared (FTIR) spectropho-
tometer was employed with a resolution of 1 cm™ using
anhydrous KBr pellets to measure the infrared (IR) spectra
in transmittance mode at room temperature. For performing
the specific surface area analysis along with the surface tex-
ture analysis of the samples, N, adsorption isotherms were
attained at liquid nitrogen temperature (77.350 K) employ-
ing the Quantachrome NOVA 2200e (USA). For removing
the gases (N,, O,) and moisture that has been adsorbed at
the sample’s surface, they were also subjected to high vac-
uum drying at 70°C for 6 h in a vacuum oven prior to anal-
ysis. For performing the electrokinetic analysis in order to
determine the electrokinetic parameters, Malvern Zetasizer
Nano ZS (UK) was applied to record the electrostatic (zeta)
E-potential at 25°C which employs the Laser (4 mW He-Ne
laserat A__ =633 nm) doppler electrophoresis method apply-
ing the capillary cell with folded configuration provided
with the gold electrode. An equilibration time of 10 min
was set in place before measuring the data of electropho-
retic mobility which was applied to calculate the electro-
static (zeta) &-potential using the following expression [30];
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- 2¢ (ot

d M
)

whereas U, is the electrophoretic mobility, ¢ is the medium
permittivity constant, 1 is medium’s viscosity, 1/x denotes
the Debye length which is the statistically calculated electri-
cal double layer thickness of ions present at the surface, o. is
the radius of the particle and f{ka) represents Henry’s function
value, determined while assuming 1.5 value for Smoluchowski
approximation on the basis of Smoluchowski model, for an
aqueous medium which is polar having moderate electrolyte
concentration [31]. Moreover, for evaluating the adsorbent’s
pH,,. which depicts the pH that refers to the point of zero
charge, 0.15 g L adsorbent is used to prepare a colloidal sus-
pension in the aqueous medium of deionized water which
was subjected to ultrasonication for 20 min to attain the pH
relaxation at the maximum that is adjusted by employing
102 M NaOH and HCI aqueous solutions. Centrifugation
is carried to acquire the supernatant liquid which is then
subjected to the electrostatic &-potential measurement. For
measuring the absorbance of the tris(1,10-phenanthroline)
Fe(Il) complex, a UV-Visible spectrophotometer (HITACHI
U-2900, Japan) was employed in the visible range of 400 to
600 nm. The maximum absorbance was recorded at 510 nm
also referred to as A__ for tris(1,10-phenanthroline) Fe(II)
complex. The plot of peak absorbance against the Fe(II) ion
concentration was subjected to linear regression from which
a fitting equation was attained that was later on used to
determine the concentrations of the unknown samples.

2.3. Iron(Il) complex formation

The iron complex was prepared using 1,10-phenanthro-
line as a chelating ligand following the procedure described
earlier [32]. For this purpose, 100 ppm solution of Fe(II)
ions and 100 ppm solution of 1,10-phenanthroline were
prepared. In order to attain maximum absorbance for sta-
ble tris(1,10-phenanthroline) Fe(Il) complex, 3 mL of Fe(Il)
ions and 7 mL of 1,10-phenanthroline are mixed in a vial fol-
lowed by adding 2 mL of 10 wt% of Hydroxylammonium
chloride acidified with 0.01 M HCI and 3 mL of pH 4 buffer
which was prepared by adding 100 mL of 5 M NaOH with
100 mL of 6 M CH,COOH. The color of the tris(1,10-phenan-
throline) Fe(Il) complex was orange-red. Subsequently,
the working standards of 20, 40, 60 and 80 ppm for Fe(II)
ions were prepared from the stock solution and the
above-mentioned procedure was followed to acquire the
tris(1,10-phenanthroline) Fe(Il) complex in each sample fol-
lowed by absorbance measurement at A__ . Furthermore, the
unknown samples were also subjected to the same proce-
dure as mentioned earlier followed by absorbance measure-
ment which was eventually used in the fitting equation to
determine the unknown concentration.

2.4. Preparation of non-imprinted polymer

The precipitation polymerization method was fol-
lowed to synthesize the non-imprinted polymer [33]. The
non-imprinted polymer was synthesized by adding 10 mL
of acetonitrile as a solvent in a vial, 0.96 g acrylic acid as a
functional monomer, 0.1 g N,N’-Methylenebis(acrylamide)
as a cross-linker and 0.2 g AIBN was taken as a thermal ini-
tiator followed by heating at 90°C for 3 h in a water bath.
The proceeding of the reaction was followed by observing
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the appearance of white precipitates in the reaction mix-
ture. Washing was performed through centrifugation where
deionized water and methanol were used to wash the
non-imprinted polymer followed by drying in an oven at
80°C for 24 h. Later on, the samples were crushed to powder
in agate mortar and pestle.

2.5. Preparation of ion-imprinted polymer [Fe(II) 1IP]

The preparation of imprinted polymer for Fe(II) ions
follows the same procedure as mentioned above for the
precipitation polymerization of the non-imprinted poly-
mer but having an additional step which is the addition
of complex as shown in Fig. 1. A vial was taken with
10 mL of acetonitrile, 0.96 g of acrylic acid and 0.1 g
N,N’-Methylenebis(acrylamide) as a crosslinker which
were mixed thoroughly to dissolve it completely. Then
the tris(1,10-phenanthroline) Fe(II) complex which was
attained by drying its solution at 60°C was also added
to this solution followed by thorough stirring for 1 h to
ensure homogeneous mixing. Afterwards, 0.2 g AIBN
was taken as a thermal initiator and added to the solu-
tion which was placed in a water bath for 3 h at 90°C.
The formation of white precipitate was observed which
was used to monitor the proceeding of the precipita-
tion polymerization reaction. Then, the precipitate was
washed with 50% acetic acid aqueous solution followed
by washing with deionized water and methanol and
finally dried at 80°C for 24 h. The dried precipitates were
then crushed to powder using agate mortar and pestle.

2.6. Equilibrium binding and kinetic studies

The equilibrium binding and kinetic studies were
conducted in batch mode at four different temperatures
(298, 323, 343, 363 K) in order to illustrate the adsorption
isotherms, thermodynamic and kinetics parameters for
both the non-imprinted polymer (NIP) as well as Fe(Il)
IIP [34]. In order to carry out this experiment, 0.05 g of
the adsorbent was added to 5 mL of Fe(Il) ions adsorbate
solution with a different concentration in the range of 20 to
100 mg L™ at neutral pH. For acquiring the dynamic equi-
librium for the adsorbate adsorption on the adsorbent, an
orbital shaker (MaxQ 7000) having a thermostatic water
bath was employed for purpose of shaking at 110 rpm as
shaking speed for 6 h. The centrifugation (Hettich MIKRO
220) was performed for 40 min at 11,000 rpm to sepa-
rate the adsorbents from the adsorbate solution. It was
followed by the determination of the Fe(Il) ions concen-
tration in the supernatant by applying the method elabo-
rated in section 2.3. In order to perform the kinetic study
for adsorption of Fe(II) ions on both the NIP and Fe(II)
IIP at four different temperatures (298, 323, 343, 363 K),
0.05 g of each adsorbent is added to 5 mL separately hav-
ing the Fe(Il) ions solution with 100 mg L™ concentration
for a different time interval. The time variations for the
kinetic study were 10, 30, 60, 120 and 180 min, respectively.

2.7. Selectivity studies

For elaborating the selectivity of the Fe(Il) IIP, Fe(II)
ions along with other metal ions (M) were competitively

adsorbed on both the NIP as well as Fe(Il) IIP by using
their mixtures, respectively. The distribution coefficient
denoted as the K, (mL g™), k represented the selectivity
coefficient, and the relative selectivity coefficient k’ are
given below as [33];

K _(CO_Ce)V (2)
“ C,m
k= Kch(II) ®)
Kan
kl = k(HP) (4)
(NIP)

whereas the initial and equilibrium concentration of each
metal ion in the solution is denoted as C, and C, respec-
tively. The distribution coefficient of Fe(Il) and M ions are
denoted as K and K, . whereas the selectivity coefficient

d Fe(Il) 4 (M)
is represented as k., and k., respectively (M denotes the

. : ) (NIPY
interfering metal ion).

3. Results and discussion
3.1. Scanning electron microscopy

The micrographs were attained by employing SEM
in order to analyze the morphology of NIP and Fe(II) IIP
adsorbents, respectively. As shown in Fig. 2, there is a
difference visible in the morphology of NIP as compared
to Fe(Il) IIP. NIP adsorbents that were not subjected to
imprinting displayed a layered and smooth appearance
with irregularly shaped assembly showing a lack of homo-
geneity with respect to morphological profile as shown
in Fig. 2a. In addition, the surface of the NIP adsorbent is
also decorated with an agglomerate of small-sized beads
with a diameter ranging from 100 to 500 nm along with
irregularly shaped protrusions appearing at the surface.
On the contrary, Fe(Il) IIP adsorbent SEM micrograph
shows non-uniform polydispersed shallow cavities with
100-1,000 nm diameter at the surface as this change can be
attributed to imprinting at the adsorbent surface as shown
in Fig. 2b. The topological profile for the Fe(II) IIP adsor-
bent show more rough appearance as compared to NIP
adsorbent as the formation of surface cavities takes place
due to imprinting that also leads to an increase in the spe-
cific surface area leading to an increase in the adsorption
surface process pointing to the occurrence of interaction
between the metal ion complex and polymer matrix.

3.2. Fourier-transform infrared spectroscopy

As the polymer backbone constituting the co-poly-
mer of acrylic acid as functional monomer and N,N’-
Methylenebis(acrylamide) as a cross-linker bears similar-
ity in both the NIP and Fe(Il) IIP adsorbent, therefore, the
IR peaks in the spectrum show similarity due to similar
molecular structure as shown in Fig. 3. The intrinsic peak
of IR at 3,350 cm™ corresponds to the stretching vibrations
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Fig. 1. Preparation of ion-imprinted polymer (IIP) [Fe(II) IIP].
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Fig. 2. SEM micrographs of (a) non-imprinted polymer (NIP) polymer and (b) Fe(Il) ion-imprinted polymer (IIP) adsorbents.

of the amide (N-H) group for secondary amide whereas
incase of the carbonyl (C=O) group having the stretch-
ing vibrations appears as a prominent peak at 1,682 cm™
and the nitrile (C=N) group have stretching oscillations
with less prominent IR peak appearing at 2,244 cm™ [35].
Similarly, the bending oscillations of the N-H group have
been assigned peak appearing at 1,526 cm™ [36]. The C-H
group associated with methylene moieties of poly(acrylic
acid-co-N,N’-Methylenebis(acrylamide) have a peak appear-
ing at 2,948 cm™. IR peak at 1,655 cm™ appearing as shoul-
der peak and 1,726 cm™ assigned to the amide group and
carboxyl group —COOH cause the shifting of the adsorp-
tion band associated with the C=O stretching vibration
(1,682 cm™), depicting the strong nature of the hydrogen

bonding occurring between -COOH and -CONH, [37]. In
the case of Fe(Il) IIP, the IR peaks appearing at 1,636, 1,518,
849 and 765 cm™ corresponds to the C=C, C=N, C-H benzene
ring and C-H pyridine ring for the Fe(II) ion coordinated with
the 1,10-phenanthroline ligand [38]. The prominent peak
appearing at 1,112 cm™ corresponds to the stretching vibra-
tions of C-O group at the C-O-Fe site [39]. The absence of IR
peak at 1,630 cm™ attributed to double bond stretching vibra-
tions confirms the absence of the reactive vinyl group [36].

3.3. Surface area analysis

For the adsorbate concentrating at the porous surface
in a stepwise manner, the proposed mechanism is of the
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Fig. 3. FTIR spectrum of non-imprinted polymer (NIP) and Fe(II)
ion-imprinted polymer (IIP).

capillary condensation also referred to as the pore-filling
which is evident in the N, gas adsorption isotherms attained
for NIP and Fe(Il) IIP adsorbents as displayed in Figs. 4
and 5. Brunauer-Emmett-Teller (BET) isotherm depicting
the model for the multilayer formation at the adsorbent
surface is applied to N, gas adsorption isotherm which is
then subjected to linear fitting below the recommended
limit of relative pressure p/p° in order to attain the specific
surface area for the adsorbents;

el
7_1 m m
I

where Q is the adsorbed gas volume per unit mass of the
respective adsorbent (cm® g'), Q  is the adsorbed gas vol-
ume for monolayer surface coverage (cm® g™'), p° is the stan-
dard pressure, p is the equilibrium pressure and c is the factor
that establishes the relationship of the heat of adsorption to
the heat of liquefaction at a constant temperature [40]. The
BET specific surface area attained for the NIP adsorbent is
observed to be 473.44 m? g™ as compared to 585.04 m? g™ for
Fe(Il) IIP adsorbent which points to the fact that the increase
in surface area can be contributed to the presence of the
surface cavities due to imprinting resulting in an increase
in the number of surface active sites available for adsorption.

The statistical thickness of the adsorbate accumulated
at the surface of the adsorbent is attained using the de-Boer
equation which is given as;

1/2

13.99

log[Po] +0.034
p

t(A)=

(6)

where t represents the adsorbed layer statistical thickness
(A) [41]. The t-plot is attained by plotting the volume of the

N, gas which is adsorbed per adsorbent gram as a function
of respective pressure against the thickness ¢ (P). This plot
gives an elaborative view of the porosity at the surface of
the adsorbent in terms of the surface coverage at the pore
internal and external surface. The linearity and non-linear-
ity of the t-plot refer to the non-porous or porous surface
of the adsorbent. The coverage by adsorbate at the internal
as well as the external surface constitutes the total surface
area when the adsorbent surface has a porous profile and
can be attained from the t-plot region appearing prior to
the capillary condensation when subjected to linear fitting.
As the saturation of the capillary condensation is achieved
resulting in the coverage of pore internal surface area, fol-
lowed by the external surface area adsorption which can
be used to attain the external surface area from the slope
obtained after the linear fit of the t-plot region attributed to
the external surface area coverage whereas the mesoporous
volume area is provided by the intercept. Since these two
regions are prominently evident in the ¢-plot which depicts
the mesoporosity in the adsorbents. For NIP adsorbent,
0.369 cm® g value of the mesopore volume is attained as
compared to 0.418 cm?® g™ for Fe(II) IIP adsorbent which
is a prominent increase. Similarly, when the external sur-
face area is subtracted from the total surface area, the
mesoporous surface area is attained which is found to be
318.55 m? g for NIP adsorbent as compared to 442.67 m? g™
for the Fe(Il) IIP adsorbent. When in the low-pressure
region of t-plot, if the linear fit does not pass through the
origin, then it could lead to the pseudo assumption of the
presence of the microporosity at the adsorbent surface as
this method is valid for assessing the adsorption data if
the size of the mesopores is 10 times in comparison to the
size of the adsorbate molecule (N, molecule). Therefore,
for large diameter mesopores, it is suitable to state that
adsorption at the mesoporous surface will show behavior
similar to the flat surface adsorption mechanism [42].

The lack of pore size narrow distribution is visible in
the N, adsorption isotherm since the process of pore con-
densation is not outstanding. Therefore, Barrett, Joyner,
Halenda (BJH) model is applied for evaluating the pore
size in addition to the pore size distribution, to the N,
adsorption isotherm for adsorption at 77 K when cylindri-
cal pore shape is presumed (Area of pore = A =2V /r) for
completely describing the surface texture and subsequent
equations for calculations are given as [43];

n-1

V,=RAV-RcYA, @)
j=1
r2
R,=—"— ©)
(rk + At)
(rp B t’)
c=— 9)
T
log 2. = ~14 (10)
p T
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Fig. 4. (a) Nitrogen adsorption isotherm at 77 K, (b) BET surface area plot for nitrogen adsorption at 77 K with linear fit-
ting, (c) t-plot model applied on nitrogen adsorption at 77 K with linear fitting, and (d) BJH model pore-size distribution for

non-imprinted polymer (NIP) polymer.

whereas V denotes the pore volume, the desorbed gas vol-
ume is AV, empty pore radius is represented as r, inner
capillary pore radius with physically adsorbed layer is
given as 7, and the statistical thickness of the adsorbed layer
is t. For NIP as well as Fe(Il) IIP, the pore size is found to
be greater than 4 nm pointing to the presence of the surface
mesoporosity in both the polymer adsorbents respectively.
The remaining physical parameters of the texture of the sur-
face as obtained by the BET model and t-plot method are
presented in Table 1.

3.4. Electrokinetic analysis

By using the theory of Gouy-Chapman, the estimation
for the ionic specie concentration adjacent to the charged
surface is achieved by applying the Boltzmann factor for
attaining the total charge available per unit volume p(x) as;

(11)

p(x)= Z"?ZieeXp(_;’;&)

where the ionic specie concentration existing in the bulk is
denoted as 7, the valency of the ionic specie is represented

as z, the electronic charge is e (C), k is the Boltzmann con-
stant, electrostatic or zeta potential is denoted as & (mV)
and T is the absolute temperature (K) [44].

Poisson Boltzmann equation for an electrolyte that is
symmetrical is given as;

o 1/2

de :(8an J Sinh(zeg]
dx gg, 2kT

It is apparent from the above-mentioned equation that
the perturbation in the £ zeta potential occurs as a func-
tion of the distance of the charged layer of accumulated
ionic specie adjacent to the surface present in the diffuse
layer. Since the charge density at the adsorbent surface o™
is nearly equal to the charge density of the layer of ionic
specie in solution phase in close proximity to the surface 0¥,
therefore, a monotonic relationship is established between
the charge per unit area o™ = g/A on the surface of the
adsorbent and the zeta & potential as;

(12)

(13)
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Fig. 5. (a) Nitrogen adsorption isotherm at 77 K, (b) BET surface area plot for nitrogen adsorption at 77 K with linear fitting,
(c) t-plot model applied on nitrogen adsorption at 77 K with linear fitting, and (d) BJH model pore-size distribution for Fe(II)

ion-imprinted polymer (IIP).

Table 1

Typical textural and surface parameters derived from N, adsorption at 77 K on non-imprinted polymer (NIP) and Fe(II) ion-imprinted

polymer (IIP) using BET and ¢-plot models

Adsorbents BET adsorption isotherm model t-plot method
S BET (m*g™) ¢ Qm LS VMesopore (em’ g™) SMesopore (m?g?) S External (m?g?) S t-plot (m*g") R
NIP 473.44 68.92 131.75 095  0.37 318.45 154.55 0.02 0.96
Fe(II) IIP 585.04 379.55 13441 098 042 442.37 142.67 0.02 0.99
2 26t electroneutrality is termed as the point of zero charge (pzc)
oM = (SkTsson") sinh[Zij (14)  at the adsorbent’s surface corresponding to the zero surface

Eq. (14) is also referred to as the Grahame equation
have the importance as it satisfies the electroneutrality
criteria since the charge in the electrical double layer pres-
ent in the solution phase and the surface charge becomes
equal as displayed in Fig. 6b which elaborates the elec-
trokinetic behavior of both the adsorbents [45]. In the same
way, for the equality of the negative and positive charged
sites present at the adsorbent surface, the attained state of

charge density and is denoted as pH_, displayed in Fig. 6a.
For the pH value below the pH_, the positively charged sites
at the adsorbent surface are abundant whereas, for values
of pH greater than Pszcr the negatively charged sites are
predominantly populated at the surface of the adsorbent
which dually effects the adsorbent’s zeta £ potential at the
surface with change in the pH as shown in Fig. 6a and b.
The carboxyl group with a negative charge at the adsorbent
surface is the most important reason for such electrokinetic
behavior of the as-prepared adsorbents as such polymer
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segments having -COOH groups cause an increase in the
surface charge density o value since the pH change affects
the carboxyl group dissociation at the surface of the poly-
mer adsorbent. On the contrary, the presence of the struc-
ture of the tail and loop of the polymer segments at the
surface add to the decrease in the o value. Therefore, it can
be stated that the value of o which is attained empirically
comprises of both these effects [46]. The H" ions adsorption
at the adsorbent surface due to carboxyl group which acts
as a proton donor and acceptor also result in shifting of the
zeta & potential with respect to pH change as the carboxyl
group are protonated at lower pH due to basic nitrogen
causing an increase whereas the deprotonation at higher
pH results in lowering of the zeta £ potential [47,48]. The
higher value of the £ potential for Fe(II) IIP as compared to
NIP can be attributed to the presence of additional molecu-
lar moieties pertaining to the 1,10-phenanthroline presence
which also undergoes protonation or deprotonation as it
causes the dissociation or formation of 1,10-phenanthroline
complexes and it can also be associated to the decrease in
the zeta & potential value with the increase in the pH value
such as the 1,10-phenanthroline is present as phenanth-
rolium ion at lower pH [49]. As given in Fig. 6a, the psz
is 5.1 for NIP as compared to 5.5 for Fe(Il) IIP, respectively.

c

The change in pH has a pronounced affect on the elec-
trokinetic parameters of the polymer adsorbents as the
molecular groups exposed at the surface to the medium
will undergo a change in their respective ionic state accord-
ing to the change in pH of the solution. As the negative
charge increases at the adsorbent surface with the increase
in the pH value which lead to the formation of the posi-
tively charged Fe(Il) ions complex with the active surface
sites of adsorbent as a result of the electrostatic attractive
forces causing an increase in the adsorption efficiency as
displayed in Fig. 6¢c. On the contrary, the electrostatic forces
of repulsive nature are outstanding between adsorbent
and adsorbate at the values of pH above pH__[50].

3.5. Adsorption equilibrium studies

The expression for calculating the adsorption efficiency is
given below as [51];

e

Adsorption Efficiency = C"T x 100

o

(15)

where C, is the initial adsorbate concentration while C, is
the equilibrium adsorbate concentration (mg L™). The plot
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of adsorption efficiency against the initial adsorbate con-
centrations for the adsorption of Fe(Il) ions on both NIP
and Fe(II) IIP adsorbent at four different temperatures (298,
323, 343 and 363 K) is attained as shown in Fig. 7a and b
with the standard deviation for adsorption efficiency values
listed in Table 2. It is apparent in Fig. 7a for NIP adsorbent
that there are vacant sites at adsorbent surface available for
adsorbate to occupy at the initial stage of adsorption process
due to which the adsorption efficiency rapidly increases at
low adsorbate concentration but eventually become steady
indicating the occupation of surface active sites by adsor-
bate ions at higher concentration. Alternatively, it can also
be suggested that no more active sites are available for the
adsorption of Fe(Il) ions after achieving the equilibrium.
The adsorption efficiency of Fe(Il) ions adsorption on
Fe(Il) IIP as displayed in Fig. 7b shows a similar behavior
with greater adsorption efficiency in contrast to NIP due
to the presence of more surface-active sites occurring due

Table 2

Standard deviation analysis for the adsorption of Fe(I) ions on
non-imprinted polymer (NIP) and Fe(II) ion-imprinted polymer
(IIP) at different temperatures

Adsorbents T (K) Standard deviation (SD)
Adsorption Adsorption
efficiency isotherm

298 2.54 1.39
323 33.14 1.82
NIP
343 11.38 1.36
363 22.63 2.80
298 22.95 2.07
P 323 19.15 1.22
343 9.50 2.06
363 18.42 2.76
100
—<3J-298 (a)
o5
80 343

= - 363

g ¥

>

' 60+

2

£

(]

g

=1

S

35

<< 204

0 T T T T T T T T T T
15 30 45 60 75 2 105
C,(mgL")
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to imprinting as 1,10-phenanthroline is incorporated as a
chelating agent in the cross-linked polymer adsorbent [52].
The temperature effect on adsorption efficiency is not very
apparent but on average the adsorption efficiency increases
with the temperature increase indicating that the adsorption
affinity of both NIP and Fe(I) IIP towards Fe(Il) ions is of
endothermic nature [53]. The increase in the specific surface
area can be attributed to the imprinting process that results in
an increase in mesoporosity which contributes to an increase
in the Fe(II) ions adsorption efficiency on Fe(II) IIP [54].

The plot of g, denoting the adsorption capacity against
the adsorbate equilibrium concentration C, at four differ-
ent temperatures display the adsorption isotherm as shown
in Fig. 8a and b, is significant for evaluating the Fe(Il) ions
adsorption mechanism on NIP and Fe(II) IIP as adsorbent
with the standard deviation for g, values listed in Table 2.

The equation applied for determining the adsorbent
adsorption capacity is as follows:

_G-cyv

q, = (16)

m

where g, is the adsorption capacity of Zn(Il) ions on adsor-
bent (mg g™), V is the volume of Zn(Il) ion solution (L) and
m is the mass of adsorbent used (g). It is apparent from the
plot that there is a prominent increase in the adsorption
capacity due to the initial adsorbate concentration increase
until the saturation is achieved indicated by a region of
semi-plateau in the plot. Furthermore, with the rise in
temperature, the adsorption capacity tends to increase
indicating the endothermic nature of the adsorption phe-
nomenon. For Fe(Il) IIP adsorbent, the value achieved
for the maximum adsorption capacity was greater as
compared to the NIP adsorbent that can be attributed to
the mesoporosity in the adsorbent as elaborated due to
imprinting, respectively. Moreover, high temperature
favors the Fe(II) ions adsorption on both the adsorbent due
to endothermic nature which results in capturing of the
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Fig. 7. Percent adsorption efficiency of adsorption of Fe(Il) ions on (a) non-imprinted polymer (NIP) and (b) Fe(Il) ion-imprinted

polymer (IIP) adsorbent at pH =7.



T. ul Haq Zia et al. / Desalination and Water Treatment 232 (2021) 165-186 175

q,(mgg”)

0 10 20 30 40 50 60
C,(mglL")

" //A
6 -
54
‘TU) 0l
(o))
£
o 34
24 298
323
14 /—343
-I:I- 363
0 O
* T ¥ T T T X T T
0 10 40 50 60 70 80

C,(mgL")

Fig. 8. Adsorption isotherm plot of g, vs. C, for the equilibrium adsorption data of adsorption of Fe(II) ions on (a) non-imprinted
polymer (NIP) and (b) Fe(Il) ion-imprinted polymer (IIP) adsorbent at pH =7.

Fe(II) ions from the liquid to solid phase corresponding to
an increase in the strength of the adsorptive and thermo-
dynamic driving forces. Hence, the phenomenon of phys-
ical adsorption is accompanied by chemical adsorption
pertaining to low heat of adsorption [55]. The chelating
agent of 1,10-phenanthroline has an electron-withdrawing
group which is incorporated in Fe(Il) IIP that chelates
with Fe(II) ions resulting in the Fe(II) ions complemen-
tary cavities in the IIP adsorbent whereas on the other
hand, the chelating groups of -NH and —-COOH are
present in the NIP adsorbent for chelation.

The equilibrium adsorption data, when subjected to
linear fitting with straight-line equations of different mod-
els of adsorption isotherm such as Langmuir, Freundlich,
Dubinin-Radushkevich and BET model give parameters
that carry significance for illustrating the mechanism of the
adsorption.

The identical surface sites, when occupied with the
respective adsorbate leading monolayer formation are the
basic fundamental assumption for the Langmuir isotherm
model elaborating the non-porous surface homogeneity. The
empirical equation of Langmuir in its linear form is given as;

g — i + & (17)
. 4K ¢,

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™) [56]. The values
of K and g, were attained from the value of the intercept
1/q K and slope 1/q, obtained after linear regression on
the straight-line plot of C/q, against C, respectively as
shown in Fig. 9a and b. The NIP adsorbent at 323 K showed
0.07 mg g value for the maximum monolayer adsorp-
tion capacity g, as compared to 2.27 mg g™ for the Fe(Il)
IIP suggesting the enhancement in adsorption capacity

as a signature of more efficiency of Fe(Il) IIP for Fe(II)
ions adsorption. Furthermore, the maximum monolayer
adsorption capacity g, attained in the present study for
Fe(IT) IIP adsorbent for adsorption of Fe(II) ions is compa-
rable with respect to the earlier work carried out report-
ing a value of 28.30 mg g™, respectively [33]. Therefore,
it can be suggested that the imprinting method has pro-
duced a prominent effect on the adsorption efficiency of
the adsorbent due to the successful creation of imprinted
cavities at the adsorbent surface after leaching as a
result of enhanced compatibility of the 1,10-phenanthro-
line-chelate complex with the polymer matrix that can be
potentially employed for separation of metal ions [53].

In the case of adsorbents with surface porosity, then
there is the existence of heterogeneous surface sites having
different affinities for adsorbate adsorption at the adsor-
bent surface. Therefore, the Freundlich adsorption iso-
therm model assumes that active surface sites with more
affinity are predominantly occupied by adsorbate species
followed by adsorption at low-affinity surface sites [57].
Moreover, as the adsorbate concentration increases, the
surface-active sites are occupied which leads to a gradual
decrease in the adsorption capacity [58]. The empirical
equation of the Freundlich isotherm is given in its linear
logarithmic form as;

Ing, = InK, + (1JlnCE (18)
n

where g, is the Fe(Il) ions adsorption capacity (mg g™') of
the adsorbent at equilibrium, C, is the equilibrium con-
centration of adsorbate, 1/n is the adsorption index also
known as the non-linearity exponent and K. represents the
Freundlich adsorption constant depicting the adsorption
capacity (mg g)/(L mg™). The values of K, and 1/n were
calculated by the intercept and slope of the linear plot of
Ing, against InC, as shown in Fig. 10a and b, respectively
[59]. When the values of K are high, the adsorption process
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Fig. 9. Equilibrium adsorption data fitted with Langmuir adsorption isotherm model for adsorption of Fe(Il) ions on
(a) non-imprinted polymer (NIP) and (b) Fe(Il) ion-imprinted polymer (IIP) adsorbent.

occurs significantly and it increases with the rise in tem-
perature depicting the increase in adsorption pertaining
to the endothermic nature [60,61]. For the value of 1/n less
than 1, the adsorbate tends to show strong interaction with
the adsorbent favoring the adsorption process whereas
for an increase in the value of 1/n, the adsorption process
is favored to a lesser extent as the dependency of the g,
decreases on the C, causing an enhancement in the adsorp-
tion process [62]. At higher temperature, the 1/n values are
lower corresponding to the better adsorption due to the
endothermic nature for the Fe(Il) ions adsorption on NIP
and Fe(II) TIP adsorbent.

The parameters derived from the Langmuir and
Freundlich adsorption isotherms are listed in Table 3,
from which it is evident that correlation coefficient R?
for Freundlich isotherm applied on equilibrium adsorp-
tion data of Fe(Il) ions adsorption on NIP and Fe(II) IIP is
in the range of 0.12-0.98 and 0.11-0.88 respectively, which
are greater in comparison to the values of R? for Langmuir
isotherm which is also employed, pertaining to the fact
that the Fe(Il) ions adsorption more closely follows the
Freundlich adsorption isotherm pointing to the heterogene-
ity of the adsorbent surface [63].

Dubinin-Radushkevich isotherm in its linear logarith-
mic form is given as;
Ing, =Ing, + K’¢’ (19)
where g, represents the adsorption capacity at equilibrium
(mg g7), g, denotes the adsorbent maximum monolayer
adsorption capacity (mg g') while considering the microp-
orous texture of the surface [64], ¢ is the Polanyi potential
and K’ is the adsorption energy constant (mol* kJ?) [65].
The value of K’ and g, are attained from the slope and
intercept of the straight-line plot of Ing, against & as dis-
played in Fig. 11a and b. Polanyi potential ¢ illustrates the
influence of temperature on the adsorption process by
employing the equilibrium concentration C, (mg L) of
adsorbate in the following form given:

e= RTln(1+gJ (20)

where R is the universal gas constant. The decrease in the
value of C, leads to an increase in the ¢ values results in
an increase in the adsorption efficiency. The mean adsorp-
tion energy E (k] mol™”) derived using the adsorption
energy constant K’ value explores the chemical or physical
nature of adsorption and is given as:

E-_ 1

5 (21)
(2k7)
For the occurrence of the physical adsorption,

E < 8 k] mol™, whereas on the other hand, E = 8-16 k] mol™

depicts the adsorption to be of chemical nature, respectively

[66]. The values of E for the Fe(Il) ions adsorption on both

the NIP and Fe(II) IIP adsorbents, points to the fact that

the adsorption of physical nature has occurred pertaining
to the monolayer formation since the adsorbent surface
active sites chelate with the adsorbate. The rise in tempera-
ture results in the increase in the E values that affirms the
endothermic nature of adsorption.

For Fe(Il) ions adsorption at the surface of adsorbents
in the solution phase, the multilayer model BET for the
adsorption can be applied in the linear form given as:

c/c 1 -1C
JCG 1, C-1C 22)
C,] € 4CC
q.|1-=" ‘
CD

where C  represents the initial adsorbate concentration
(mg g™), C, denotes the Fe(Il) ions concentration at equilib-
rium (mg L), g, is the adsorbent adsorption capacity at the
equilibrium (mg g™), g, is the adsorption capacity for mono-
layer formation and C is the constant factor illustrating the
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Values of various applied adsorption isotherm model parameters for adsorption of adsorption of Fe(II) ions (a) non-imprinted poly-

mer (NIP) and (b) Fe(Il) ion-imprinted polymer (IIP) adsorbent at different temperatures

Adsorption isotherm equation Langmuir
Adsorbent T (K) q,(mgg™) K(Lmg™) R?
298 -78.13 -0.001 0.03
323 0.07 -0.06 0.59
NIP
343 21.50 0.01 0.03
363 -0.80 -0.05 0.02
298 -0.33 -0.03 0.25
1P 323 2.27 -0.69 0.83
343 -5.26 -0.02 0.32
363 -0.22 -0.07 0.81
Adsorption isotherm equation Freundlich
Adsorbent T (K) K [(mg g)/(Lmg™)] 1/n R?
298 0.08 1.06 0.98
NIP 323 52.10 1.25 0.57
343 0.15 0.87 0.58
363 0.00001 4.79 0.12
298 0.00002 3.50 0.54
P 323 1.21 0.22 0.11
343 0.03 1.61 0.84
363 4.72 x 10" 10.35 0.88
Adsorption isotherm equation Dubinin-Radushkevich
Adsorbent T (K) k’ (mol? kJ?) E (k] mol™) q, (mgg™) R?
298 -3.20 x 10 0.13 4.08 0.93
NIP 323 -2.11 x 10 0.15 521 0.01
343 -2.93 x 10 0.13 4.54 0.61
363 -5.53 x 10 0.10 30.95 0.19
298 -1.22 x10™ 0.07 9.38 0.76
P 323 -1.28 x 10 0.20 3.46 0.28
343 -3.28 x 10" 0.12 8.11 0.98
363 -1.19 x 10 0.07 619.76 0.87
Adsorption isotherm equation BET
Adsorbent T (K) C g, (cm®g™) R?
298 -1.14 0.16 0.25
323 -1. X .
NIP 65 0.001 0.43
343 -1.60 0.28 0.32
363 -3.62 0.15 0.95
298 -1.28 0.01 0.93
P 323 -2.56 0.45 0.73
343 -2.29 0.29 0.87
363 -3.88 0.28 0.92




178
24
0O 298 (aj Non-Imprinted polymer |
2.0 323 v o
R 5w T
164 §/ 363
1.2
fm 4
o 084
E
o 04
=
0.0 4 o
0.4
v
0.8 T T T T v T al T T T
2.0 2:5 3.0 35 4.0 45
InC_(mg L")

Fig. 10. Equilibrium adsorption data fitted with Freundlich

T. ul Haq Zia et al. / Desalination and Water Treatment 232 (2021) 165-186

25
0 298 (b)| Fe (Il) ion-Imprinted polymer
20 g 323
343
Y 363
1.5
ﬁlD}
o 1.04
E
o —
£ 054
0.0 - GA
v
0.5 ¥ T T T T T v T v T
2.0 2.4 2.8 3.2 3.6 4.0 4.4
InC_(mgL")

adsorption isotherm model for adsorption of Fe(Il) ions on

(a) non-imprinted polymer (NIP) and (b) Fe(Il) ion-imprinted polymer (IIP) adsorbent.

3.00
© : O 298
a Non-Imprinted polymer
@ | printed polymer | S i
225 ] 343
Y7 363
i v
. 1504
‘o
(=]
E
& 0.754
=
\\%M
0.00 o
v
-0.75 ——————————————————————
0 1x10°  2x10°  3x10°  4x10°  5x10°  ex10°  7x10°

2
&

25

(b) | Fe (ll) ion-Imprinted polymer |

2.0

Ing_(mgg")

0.5

0.0

0.5
0.0

T T T
2.0x10* 4.0x10* 6.0x10° 8.0x10°*

2
€

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

energy relationship between the adsorbate and the adsorbent
and is given as [67];

(5-,)
ce (23)

where E, and E, represent the heat of adsorption for the
adsorption of the first layer and second adsorbate layer.
From the plots, as shown in Fig. 12a and b, the linearity
decreases with the increase in temperature for adsorption
of Fe(Il) ions on NIP as compared to Fe(Il) IIP for which
the linearity of the BET plot increases depicting multilayer
formation of the adsorbate at high temperature. As the
adsorbent surface, active sites have a high affinity for Fe(II)
ions adsorption due to which the heat of adsorption E, for
the adsorbate first layer adsorption is high resulting in an
increase in the C value at higher temperature [68].

Ion imprinting technique was applied for the removal
of Fe*" ions which were produced imprinted polymers with
an average size of 63 to 140 um via suspension polymer-
ization and observed the maximum binding capacity to
be 107 umol g at pH 3.0 whereas the equilibrium bind-
ing time was 30 min. Similarly, the efficacy of selective
extraction was 97% even in the presence of many other
ions in the solution [69]. A novel ion-imprinted polymer
(IIP) for the extraction of Pb* was synthesized using the
methacrylic acid and vinyl pyridine as dual-functional
monomer based on ionic interactions and employing eth-
ylene glycol dimethacrylate as cross-linker [70]. It was
observed that the IIPs exhibited significant selectivity
toward Pb* in presence of other divalent metal ions of
Cu?, Cd*, Zn*, and Mn* showing selectivity coefficients
greater than 30, as well as achieving 0.06 and 0.19 ug L™ as
the limits of detection and quantification. Fe(III) imprinted
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Fig. 12. Equilibrium adsorption data fitted with BET adsorption isotherm model for adsorption of Fe(Il) ions (a) non-imprinted
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amino-functionalized silica gel adsorbent was prepared
which was successfully used for the extraction of trace
metal Fe(Ill) through solid-phase extraction technique
[14]. The adsorption capacity for adsorption of Fe(III) was
found to be 25.21 mg g for the IIP while 5.10 mg g™ for
NIP. A facile and sensitive procedure was developed for
the selective extraction of ferric ion (Fe*) from the aque-
ous medium by preparing an imprinted resin with differ-
ent amount of crosslinkers ranging from 85 to 3 mol%. It
was observed that a larger adsorption capacity for Fe** was
attained for the resin having a high amount of crosslink-
ing but it was also found to be lower in selectivity [71].
Similarly, a multiwalled carbon nanotubes column for the
preconcentration of certain ions such as Cu®*, Pb*, Mn*
and Fe® was developed for their solid-phase extraction for
which at pH 9.0, the quantitative adsorption was achieved
with a preconcentration factor of 20 and detection limits
in the range of 3.5 to 8.0 pg L [72]. An ion-imprinted
polymer (IIP) with monophosphonic groups was pre-
pared using  bis(2-methacryloxyethyl)  phosphate
(BMAOP) as a functional monomer to chelate with Fe* in
dimethyl sulfoxide (DMSO) medium and ethylene glycol
dimethacrylate (EGDMA) as cross-linker during ther-
mal polymerization which showed that the monophos-
phonic groups could be selectively combined with Fe
in solutions containing other interfering metal ions [73].

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 Fe(Il) ions on both NIP as well as Fe(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 adsorption
isotherm model respectively. The logarithmic linear Van't
Hoff expression is given as [74];

InK = AS)_(aH (24)
R RT

The slope and intercept of the linear plot of InK vs. 1/T

as shown in Fig. 13, 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 [75];

—AG=—-AH+TAS (25)

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 (26)

So according to the calculated values of the thermo-
dynamic parameters as shown in the Table 4 for both NIP
as well as Zn(Il) IIP, AH values are negative indicating the
exothermic nature of adsorption for the adsorption of Fe(II)
ions [76]. The positive value for entropy change (AS) sug-
gests that there is no thermodynamic barriers for the Fe(II)
ions adsorption on adsorbent indicating the spontaneous
nature of adsorption which cause an increase in the random-
ness of the adsorption process [77]. The negative value of AG
suggests that the spontaneous adsorption process of Fe(II)
ions on both NIP as well as Fe(II) IIP occurs which further
decreases with an increase in the temperature indicating
the exothermic nature of adsorption of Fe(Il) ions [34].

3.7. Adsorption kinetic studies

Pseudo-first-order, pseudo-second-order and intrapar-
ticle diffusion models of kinetics were applied to evaluate
the kinetics of the adsorption of Fe(II) ions on both NIP and
Fe(Il) IIP. The respective straight line equations of these
kinetic models are given as follows:
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Fig. 13. Logarithmic linear plot of InK vs. 1/T for the evalua-
tion of the thermodynamic parameters of adsorption of Fe(II)
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polymer (IIP) adsorbent.

Table 4
Thermodynamic parameters of AG, AS, and AH

Adsorbent AH (kfmol!) AS (kJmol?) T (K) AG (k] mol™)
298 -15.17
NIP -40.35 0.085 323 —13.05
’ ’ 343 -11.35
363 -9.65
298 -9.79
1P X 323 -9.72
-10.55 0.003 343 967
363 -9.62
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Pseudo-first-order kinetic model [78]

In(q, -q,)=Inq, -k 27)
Pseudo-second-order kinetic model is [79]

L >+ L (28)

9 ka4

where g, shows the adsorbed amount of Fe(II) ion at equi-
librium, g, shows the adsorbed amount of Fe(Il) ions at
time t while k, and k, are the pseudo-first-order, pseu-
do-second-order rate constants respectively. The slope of
the pseudo-first-order model plot of In(q, - 9,) against ¢ pro-
vides the k, value as displayed in Fig. 14a and b whereas
the intercept of the plot of t/q, vs. t provides the k, value as
shown in Fig. 15a and b. The kinetic parameters attained
after subjecting the plots of pseudo-first and pseudo-sec-
ond-order kinetic model to linear regression analysis are
listed in Table 5. These values indicate that the adsorption
kinetics of Fe(Il) ions on both NIP and Fe(Il) IIP follows
pseudo-second-order model since the co-relation coef-
ficient R? values which range from 0.92-0.99 for NIP and
0.96-0.99 for Fe(II) IIP for pseudo-second-order suggest best
fit linearity rather than for pseudo-first-order model having
values in the range of 0.87-0.99 for NIP and 0.56-0.99 for Fe(II)
IIP, respectively. Similarly there is less difference between the
theoretical g, and experimental g, for both NIP and Fe(II) ITP
attained for pseudo-second-order as it does take into consider-
ation the interaction of the solvent with the adsorbate. Hence,
it can be suggested that this adsorption process of Fe(II) ions
is substrate and analyte dependent that refers to the chemi-
cal adsorption phenomenon [80]. In addition, the chemical
nature of the adsorption of the Fe(Il) ions on the surface
of the adsorbent have the chemisorption as the rate lim-
iting step [81,82]. The difference between experimental
and calculated values of the adsorption capacity is also
not affected by the initial adsorbate concentration besides

2.0

(b) ‘ Fe (Il) ion Imprinted polymer ‘

054

0.0

In (a,-) (mg g")

-0.5 4

200

t (min)

Fig. 14. Pseudo-first-order model applied on kinetic data of adsorption of Fe(Il) ions on (a) non-imprinted polymer (NIP) and
(b) Fe(II) ion-imprinted polymer (IIP) adsorbent at different temperatures.
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Fig. 15. Pseudo-second-order model applied on kinetic data of adsorption of Fe(Il) ions on (a) non-imprinted polymer (NIP)
and (b) Fe(II) ion-imprinted polymer (IIP) adsorbent at different temperatures.

the influence of the adsorbent nature [83]. Alternative
explanation suggests the intrinsic simplicity of k, (min™)
value pointing to the lack of focus on the occurrence of
boundary diffusion before adsorption takes place at sur-
face indicating a single step adsorption mechanism.
Moreover, the phenomenon of adsorption in solid-liquid
phase occurs in multiple steps dependent upon either
dimension of pore, diffusion at surface, thin film forma-
tion of adsorbate or adsorption occurrence at heteroge-
neous pores sites whichever perhaps is the slow limiting
step or the process is composed of multiple steps [84,85].

The adsorption kinetics rate can also be attained
from the intraparticle diffusion model which regards
the adsorbate diffusion towards the adsorbent surface as
rate controlling step and its straight line equation is given
as [86];

g =kt +C (29)
where the adsorbed equilibrium concentration of Fe(II) is
denoted as g, and k, represents the rate constant attained
for the kinetic model of intraparticle diffusion which can
be attained from the plot of ¢ vs g,. Primarily, this model
is based on fact that the liquid film which is established
and spreads in mobile phase affects the initial begin-
ning phase of the adsorption process only due to which
it can be significantly applied to the porous adsorbents.
As shown in Fig. 16a and b, three main segments of the
plot of #2 and g, are evident, that is, (i) the sharp-sloped
part corresponds to bulk diffusion have high adsorption
rate, (ii) the linear part that follows can be attributed
to the intraparticle diffusion, (iii) and the plateau seg-
ment points to the equilibrium. Similarly, the C value is
attained from the intercept of the plot of t'2 vs. g, that
illustrates the thickness of the boundary layer [87]. The
significance of this model in adsorption phenomenon
is based on fact that if on obtaining straight line which
passes through origin by plotting t'? vs. g, can also used

to depict the rate limiting step. The intraparticle diffusion
model parameters which are attained after applying lin-
ear regression are listed in Table 5, points to the fact that
the linear fitting of the adsorption kinetic data was per-
formed well suggesting that this model is obeyed at dif-
ferent temperature. As it is evident from the plot which
did not pass through the origin that it cannot be regarded
as the slow step known as rate determining step [88].

3.8. Adsorption activation energy

For determining the energy of activation of adsorp-
tion of Fe(II) ions on both NIP and Fe(Il) IIP, the Arrhenius
equation was applied which employ the rate constant k,
that was taken from pseudo-second-order kinetic equa-
tion as this model of kinetics was followed by adsorp-
tion kinetics data. The activation energy E, is obtained
from the slope of the plot of InK vs. 1/T as displayed in
Fig. 17 according to the Arrhenius equation given in linear
logarithmic form below as;

Ink=InA- E, (30)
RT

where A is denoted as Arrhenius constant (g mg™ min™),
activation energy is represented as E, (k] mol™), univer-
sal gas constant is R (8.314 ] mole™) and T is the absolute
temperature (K). The activation energy E_ is an important
parameter to differentiate the physical adsorption form
the chemical adsorption, since the former have low acti-
vation energy value due to its reversible nature. On the
contrary, the chemical bonds are strong and irreversible
in nature due to which the activation energy value is large
for chemical adsorption. The recommended range for acti-
vation energy E,  of physical adsorption is 5-40 k] mol™
as compared to 40-800 kJ mol for chemical adsorption,
respectively. According to the data listed in Table 6, it is
apparent that the E  values for both NIP and Fe(Il) IIP are
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Table 5
Comparison of kinetic models pseudo-first-order, pseudo-second-order and intraparticle diffusion model for adsorption of Fe(II) ions
on (a) non-imprinted polymer (NIP) and (b) Fe(II) ion-imprinted polymer (IIP) adsorbent at different temperatures

Adsorption kinetic model for adsorption of

T (K) yerp (M 87) T, (Mg ™) k; (min™) R
298 6.01 1.27 -0.006 0.87
NIP 323 5.03 3.33 -0.007 0.90
343 6.22 6.28 -0.01 0.99
Pseudo-first-order 363 6.43 3.64 -0.01 0.96
kinetic model 298 8.01 2.35 -0.001 0.85
1P 323 7.56 5.40 -0.013 0.95
343 7.48 7.90 -0.014 0.99
363 7.51 2.09 -0.01 0.56
T (K) yep (M 87 o (MG &) k, (g mg™ min™) R
303 6.01 6.67 0.05 0.99
NIP 323 5.03 5.49 0.01 0.99
343 6.22 8.33 0.001 0.92
Pseudo-second-order 363 6.43 6.89 0.009 0.99
kinetic model 303 8.01 8.26 0.03 0.99
I 323 7.56 8.47 0.005 0.99
343 7.48 10.20 0.001 0.96
363 7.51 7.94 0.02 0.99
T (K) yop (MG &) o (MG 87 k; (mg g™ min™) C(mgg™) R
303 6.01 17.23 0.09 5.79 0.83
NIP 323 5.03 16.21 0.26 1.71 0.85
343 6.22 18.98 0.47 0.07 0.96
Intraparticle diffusion 363 6.43 17.28 0.29 2.65 0.91
model 303 8.01 29.76 0.15 6.17 0.87
323 7.56 26.78 0.45 1.81 0.87
1P 343 7.48 10.56 0.58 -0.18 0.98
363 7.51 7.99 0.30 411 0.59
6.75 8.25

(b) | Fe (Il) ion Imprinted polymer

(a) Non-Imprinted polymer
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Fig. 16. Intraparticle diffusion model applied on kinetic data of adsorption of Fe(II) ions on (a) non-imprinted polymer (NIP) and (b)
Fe(Il) ion-imprinted polymer (IIP) adsorbent at different temperatures.
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13.01 and 30.13 kJ mol™, respectively which depicts the
physical nature of interaction between the Fe(Il) ions and
adsorbents [89].

3.9. Selectivity study

In order to perform the competitive adsorption, Fe(II)
ion is mixed with different metal ions in order to attain
metal ion pairs with Fe(Il) ions such as Fe(Il)/Co(II), Fe(Il)/
Cu(1l), Fe(lI)/Ni(Il) and Fe(I)/Pb(Il) which are adsorbed on
NIP and Fe(Il) IIP adsorbents. The similarity in charge and
ionic radius of the Fe(Il) ion with the interfering metal ions
exist, respectively [33]. For Fe(II) IIP, the K, ap) values which
are listed in Table 7 are high for Fe(Il) ions as compared to
other interfering metals such as Co(II), Cu(Il), Ni(Il), and
Pb(Il). As the surface active sites at the Fe(Il) IIP formed

-3.0

after template removal by leaching, were complementary
in size, charge, geometry and symmetry for coordination
with the template imprinted ion only which result in val-
ues of k in comparison to NIP with low k value attributed to
the irregular arrangement ligand functional moieties in the
cross-linked polymeric matrix [90]. It is quite obvious that
Fe(Il) ions are adsorbed to greater limit on Fe(II) IIP adsor-
bent due to higher selectivity particularly for Fe(II) ion.

3.10. Desorption

It is obvious from Fig. 6 that with the decrease in the
value of pH will render the adsorbents abundant with

Table 6

Comparison of activation energy E, and Arrhenius constant
A of Arrhenius equation applied to kinetic data of adsorp-
tion of Fe(Il) ions on non-imprinted polymer (NIP) and Fe(II)

] O Non-imprinted polymer H ion-imprinted polymer (IIP) adsorbent
354 O Fe (ll) ion imprinted polymer A
| Adsorbents A (g mg™ min™) E, (k] mol™) R?
409 o NIP 6.6 x10°% 13.01 -0.38
s ] il 1.6 x 10 30.13 0.26
] o
-5.0
E Table 7
55 Comparison of selectivity of non-imprinted polymer (NIP) and
' Fe(II) ion-imprinted polymer (IIP) adsorbent for adsorption of
5.0 Fe(II) ions
] =]
65 5 Metal type Fe(II) IIP NIP
K,(mLg") k K,(mLg") k k
-7.0 T T T T T T v T T T T T .
2.7x10°  2.8x10° 2.9x10° 3.0x10° 3.1x10° 3.2x10° 3.3x10° 3.4x10° Fe(Il) 4391 28.64
UT (K" Co(II) 0.98 4476  20.73 1.38 3241
Cu(II) 32.66 135  23.89 120 1.13
Fig. 17. Activation energy plot for adsoliptiqn of .Fe(II) ions on Ni(IT) 21.58 2.04 18.73 153 151
non-imprinted polymer (NIP) and Fe(II) ion-imprinted polymer Pb(Il) 2655 165 2187 131 126

(IIP) adsorbent.

TRl LUOR ¢
4 ey .

1 e

-

Fig. 18. SEM micrographs of (a) non-imprinted polymer (NIP) polymer and (b) Fe(II) ion-imprinted polymer (IIP) adsorbents after

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

using 0.1 mol L HCl aqueous solution as eluent

Fe(II) ions added (ug) Fe(II) ions eluted (ug) (NIP) Desorption % Fe(II) ions eluted (ug) (IIP) Desorption %
200 158.51 79.26 152.86 76.43
400 318.76 79.69 334.76 83.68
600 504.62 84.10 542.95 90.49

positively charged surface sites which will contribute
to decrease in the Fe(Il) ions interaction with the active
sites. Therefore, for carrying out the elution process for
regenerating the adsorbents, 0.1 N HCl aqueous solution
was employed as eluting agent that will leach the metal
ions from both the adsorbents. The data for the Fe(II) ion
desorption is listed in Table 8. Furthermore, as depicted in
Fig. 18, there is no prominent difference in the morphol-
ogy of Fe(Il) IIP and NIP adsorbent even after desorp-
tion indicating that surface texture and pore integrity
which is suitable for adsorption is retained suggesting the
physical/chemical stability to be good enough.

4. Conclusions

It is evident from the equilibrium data of the adsorp-
tion showing a prominent increase in Fe(II) IIP adsorption
capacity in comparison to the NIP that corresponds to the
increase in the adsorbent surface area due to the formation
of surface active sites due to ion imprinting which improves
the adsorption process. The electrokinetic study elaborate
the pH effect on the point of zero charge (PH,,) affecting
the adsorption efficiency as it is considerably greater at
high pH in comparison to low pH due to adsorbent sur-
face anionic nature at high pH. The best fit adsorption
isotherm model for the equilibrium data of the adsorption
was Freundlich model which corresponds to the heteroge-
neous nature of adsorbent surface. BET model was applied
to nitrogen adsorption isotherm which revealed that the
specific surface increased from 473.44 m? g™ for NIP to
585.04 m? g for Fe(Il) IIP which can be attributed to the
formation of surface active sites as a result of imprinting
whereas on the other hand, an increment is also observed in
the mesoporosity as suggested by the surface profile results
attained using the f-plot and BJH model and it is evident
as an increase in the mesopore volume from 0.369 m? g~
for NIP to 0.418 m? g for Fe(Il) IIP which also enhances
the adsorption efficiency, respectively. The negative val-
ues of the Gibbs free energy correspond to the spontaneity
of the process which increases with temperature eleva-
tion suggesting an endothermic adsorption process. In
addition, the study of the adsorption kinetics data does
show that diffusion is the rate controlling step pointing to
the adsorption process occurring in more than one step.
Finally, the physical nature of adsorption is also confirmed
by the low value of the adsorption activation energy.
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