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ABSTRACT

Molecularly imprinted polymers (MIPs) have been the most convenient and selected methods in
detection and extraction for many types of specific targets in various fields. MIPs were prepared
by mixing template molecule with functional monomer in the presence of cross-linker, solvent
and initiator. The selectivity of MIPs is strongly influenced by the types of functional monomer,
solvent and polymerization process used. Pyrogallol-imprinted polymer (Py-IP) and non-
imprinted polymer (NIP) were synthesized via precipitation polymerization using 4-
vinylpyridine (4-VP), divinylbenzene (DVB) and azobisisobutyronitrile (AIBN) as functional
monomer, cross-linker and initiator, respectively. Pyrogallol (Py) was used as a target molecule.
The synthesized polymers were characterized by Fourier Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy (SEM), and UV-Visible Spectroscopy (UV-Vis). In this
study, adsorption capacity was measured by the dosage effect, contact time and selectivity
study. Results showed that maximum adsorption capacity by Py-IP is above 50%. The
Selectivity study shows that £ is >1, which indicates that Py-IP has a good selectivity towards
pyrogallol. Therefore, it has a good potential to be used as an adsorbent.

Keywords: 4-vinylpyridine; Adsorption isotherm; Molecularly-imprinted polymers;
Selectivity study

1. INTRODUCTION

MIPs have drawn extensive attention in the production of polymeric artificial receptors for
specific molecular recognition and highly useful synthetic mimics of antibodies or enzymes.
Due to their molecular recognition capability, MIPs have captured the imagination of many and
their use is encouraged in numerous application areas such as in: solid-phase extraction
(Tamayo et al., 2007; Lanza & Sellergren, 2001; Andersson & Schweitz, 2003); sensor (Liu et
al., 2012; Uzun & Turner, 2016; Haupt & Mosbach, 2006); chromatography (Yan et al., 2007);
amino acid derivatives (Scorrano et al., 2011); and drugs (Sellergren & Allender, 2005;
Lulinski, 2013). Not only easy and low-cost, the synthesis of MIPs also produced polymers that
are stable, versatile and resistant to a wide range of pH, solvents and temperature (Cormack &
Elorza, 2004). They are normally prepared by conventional free radical polymerization (FRP),
due to the tolerance of FRP for wide range of functional groups in monomers and templates, but
also because conventional FRP can normally be carried out in a facile manner under mild
reaction conditions.
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The concept of MIPs is followed Fischer’s lock and key principle, in which MIPs work as a
porous material that has specific molecular recognition sites, which are only suitable for a
specific target molecule (Pardeshi et al., 2011). There are several principles in the process of
molecular imprinting, which are as follows: (1) formation of specific complex from non-
covalent bond of interactions between the template molecule(s) and the functional monomer in
a polar or aprotic solvent, obtained by assembling the functional monomer around the template
molecule before the polymerization process; (2) in the present of cross-linker and initiator, a
rigid and porous copolymer must be obtained; and (3) the distinct cavities remain
complementary to the target template molecule in size, shape and functionality after the
removal of the target molecule (Yan et al., 2007; Yusof et al., 2010).

The porous structure and the surface area of MIPs can be defined from several factors,
including functional monomers, cross-linkers, solvent and the synthesis conditions (Santora et
al., 2001; Okay, 2000). It also has been stated that the selectivity of MIPs are strongly
influenced by the types of functional monomer(s) used. There are many types of functional
monomers that have been used as reported in the preparation of MIPs (Zhang et al., 2003;
Yilmaz et al., 1999; Urraca et al., 2008). Due to the wide range of templates used, the number
of functional monomers are also various (Cormack & Elorza, 2004; Mehamod et al., 2015).
There are different types of functional monomers used in the imprinting field such as acidic,
basic and neutral. The most selected types of functional monomers used are the acidic ones, for
example acrylic acid and methacrylic acid. Acidic functional monomers are able to establish
stronger hydrogen bonds with polar solvent, such as acetonitrile. However, basic functional
monomers were reported to be interacting strongly with some template molecules and this
interaction contributed to the bleeding template phenomenon (Mayes & Whitcombe, 2005).
Therefore, it was reported less often about the proof of the interaction between a basic
functional monomer and a polar solvent.

4-vinylpyridine (4-VP) is a basic type of functional monomer. 4-VP has interesting properties
that appear from the vinyl and benzene ring with a nitrogen atom. It is chemically modifiable
and offers lots of advantages due to the nitrogen atom. Research has been reported that 4-VP
shows antimicrobial effects of quaternized by modifying 4-VP with different agents, such as
different alkyl chain and groups of —NH, and OH (Tiller et al., 2001; Tiller et al., 2002).
Naturally, 4-VP is used for vast applications, not only in the MIPs field (Sahiner & Yasar,
2013).

In this study, molecularly imprinted polymer (MIP) and non-imprinted polymer (NIP) are
prepared via precipitation polymerization, using pyrogallol (Py) and divinylbenzene (DVB) as
template and cross-linker, respectively. 4-VP has been selected to be the functional monomer,
due to its properties to form hydrogen bonding with the template molecule. The synthesized
polymers were characterized by Fourier Transform Infrared Spectroscopy (FTIR) and Scanning
Electron Microscope (SEM). Binding capabilities were studied via UV-Vis Spectrophotometer
readings in terms of dosage effect, contact time, different concentration and selectivity study.

2. EXPERIMENTAL SETUP

2.1. Chemicals

Pyrogallol (Py), 4-vinylpyridine (4-VP), divinylbenzene (DVB), and azobisisobutyronitrile
(AIBN) were obtained from Sigma Aldrich. Other chemicals of reagents were purchased from
Merck. All chemicals were purified and AIBN was re-crystallized by methanol before being
used.
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2.2. Synthesis of Pyrogallol-Imprinted Polymer (Py-1P) and NIP

In general, Py-IP was prepared via precipitation polymerization method by dissolving 1.37
mmol of pyrogallol in 100 ml of acetonitrile. This was followed by the addition of 4.11 mmol
of 4-VP, and 27.40 mmol of DVB-80. Finally 1.78 mmol of AIBN was added. The solution was
purged with nitrogen gas for 30 minutes in an ice-bath. The bottle was placed on a Stovall flat-
bed roller. The temperature was ramped from room temperature to 60°C over a period of
approximately 2 hours and then kept constant at 60°C for 48 hours. After 48 hours, the solution
was cooled to room temperature. The obtained precipitate was filtered and rinsed with
methanol. Then the sample was washed using a soxhlet extraction method with a solution of
methanol and acetic acid (9/1: v/v). The polymer was transferred to a pre-weighed vial and
dried to a constant mass at 40°C for 24 hours. The NIP was prepared in the same manner, but in
the absence of a template.

2.3. Characterizations

The size and shape of samples obtained were observed under Scanning Electron Microscopy
(SEM) model JEOL JSM-6360LA. The functional groups of the samples obtained were
determined by Fourier transform infrared spectroscopy (FTIR) model Perkin Elmer
Spectrophotometer Spectrum GX.

2.4. Binding Studies

The analysis of binding studies was carried out using UV-Vis Spectrophotometer, Shimadzu.
The applicability of isotherm models used was studied by obtaining the highest correlation
coefficient, R? values in the isotherm plot.

2.4.1. Isotherm study
5 ml of target solution was placed in contact with 5 different dosage of adsorbent (2, 4, 6, 8, and
10 mg) and measured.

2.4.2. Kinetic study

At equilibrium dosage (8 mg) from the isotherm study obtained, the adsorbent is placed in
contact with 5 ml of target solution. The kinetic study was measured by the interval time of 5,
10, 15, 30, 60, 120 and 140 min.

2.4.3. Selectivity study

In order to measure the selectivity of the imprinted polymer, a compound with most similar
structure with pyrogallol was studied. In this study, Gallic acid had been chosen at 5 ml of
10 ppm for each compound, which was added together in 10 ml centrifuge. Then 8 mg of Py-IP
was added into the solution. The mixture was centrifuged for 60 min. After 60 minutes of
contact time, the solution was filtered and measured.

3. RESULTS

3.1. Synthesis of Pyrogallol-imprinted Polymer (Py-1P) and NIP

Py-IP and NIP were successfully synthesized using precipitation polymerization. From the
polymerization, spherical polymer beads were obtained and these were free from stabilizer or
surfactant. This is the advantage of using precipitation polymerization. Other than that, this
method does not require post-processing steps. However, the isolated yields of products were
moderate to good, with Py-1P (28%) being higher yield compared to NIP (20%).

3.2. Characterization

Figure 1 shows SEM images of Py-IP and NIP. Both images show the morphology of the
synthesized polymers, which were in the form of spherical beads. The Py-IP sample obtained
was more homogeneous compared to the NIP, which was heterogeneous in shape. The particles
ranging in diameter from ~9 um (Py-IP) to 3 um (NIP) were obtained.



40 Isotherm Studies of Pyrogallol-imprinted Polymers via Precipitation Polymerization

(b)
Figure 1 SEM image of: (a) Py-IP; (b) NIP

The Py-IP and NIP were characterized by FTIR Spectroscopy. Unsurprisingly, the images are
similar, given that the polymers have rather similar FTIR spectra as shown in Figure 2.
However, there was a slight difference between the FTIR spectrum of the Py-IP and the NIP.
This is due to the presence of the template in the Py-IP spectrum.
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Figure 2 FTIR spectra for: (a) Py; (b) Py-IP; (c) NIP and proposed schematic interaction of Template-
Monomers

According to the FTIR spectra, several active functional groups from the pyrogallol, Py-IP and
NIP were detected. The backbone for pyrogallol (a) is determined by the presence of O-H
stretching (3399 cm™), which indicates the hydroxyl group of phenol. It showed a broad and
strong peak. Meanwhile, for both the Py-IP (b) and the NIP (c) cases, an identical spectra is
shown, due to same functional monomer used. The 4-VP functional monomer backbone is
indicated by the presence of both aromatic C=C bending and C-N stretching. It has been
reported that aromatic C=C and C-N bonds usually appeared at 1510-1450 cm™ and 1250-1210
cm™, respectively (Coates, 2000). However, there was a slight shift of the C-N bond in the Py-
IP (b) spectrum compared to the C-N bond on the NIP spectrum, due to the interaction with
pyrogallol.

3.3. Binding Studies

3.3.1. Isotherm study

The dependence of Py-IP and NIP on the dosage of sorbent was studied by varying the amount
of dosage from 2, 4, 6, 8 and 10 mg, respectively. Results show that Py-1P adsorbs more target
molecules when compared to NIP. Py-IP achieved equilibrium at 6 mg and NIP at 8 mg, as
shown in Figure 3. Py-IP adsorbed up to 50% of target molecule, meanwhile NIP was able to
adsorb only up to 30% of the target molecule.



Mehamod et al. 41

_. 100 Py-1P

&£

‘g 80 | NIP

g 60 | - T ]

5 | T T 1 1 ]

Bl I SR S

2 20 | & T +

m© |

S o

-

e 0 2 4 6 8 10
Dosage

Figure 3 Pyrogallol adsorption by NIP and Py-IP

To understand the mechanism of the polymers adsorption, equilibrium data from the respective
effects of the dosage was applied on three types of isotherm models. Langmuir, Freundlich and
Scatchard isotherm models were used to indicate the mechanism of adsorption by both Py-I1P
and NIP. In general, Langmuir is used to determine the homogeneity of the surface and the
sorption rate has no relation towards the amount of the sorbate molecule being used (Lampman
et al., 2010.). Scatchard is one of Langmuir isotherm linear regressions, which also explains the
homogeneity of the surface of the adsorbate. Meanwhile, Freundlich described the
heterogeneous characteristics of the surface and the energy used for the sorption by the sorbate
on the different levels of the surface (Garcia-Calzon & Diaz-Garcia, 2006; Mizaikoff & Wei,
2007; Matsui et al., 1995). The Langmuir, Freundlich and Scatchard isotherm models can be
represented by Equation 1, Equation 2 and Equation 3, respectively (Gupta & Ali, 2000; Bolster
& Hornberger, 2007; Chen, 2015).

(I7ge) = (1/Qo) + (I/bQo)(I/Ce) 1)
log ge = log K¢ + (I/n) log C, 2
Qe/Ce = Qo/Kp — (1/Kp)Qe (3)

Table 1 shows that Py-IP (0.9994) and NIP (0.9996) followed the Scatchard isotherm by
obtaining a higher R?value. Qs related to the adsorption capacity for Scatchard isotherm. Kp
is the constant value for Scatchard isotherm that is related to the affinity constant for binding
and energy sorption (Khairi et al., 2015).

Table 1 Langmuir and Freundlich constants for adsorption isotherm

Langmuir Freundlich Scatchard
R? Q. B R? Ks n R? Qnmax Ko
Py-IP 0.7606 149 0.14 0.9605 262.72 0.24 09994 1.27E-04 8.77
NIP 09579 036 0.11 09194 22119 013 09996 3.51E-04 6.37

Samples

3.3.2. Kinetic study

The kinetic study was carried out by allowing Py-IP and NIP in contact with target molecule at
interval times ranging from 0, 5, 10, 15, 30, 60, 120 and 140 min, respectively. Figure 4 shows
the effect of time towards the adsorption of pyrogallol by Py-IP and NIP. Adsorption of
pyrogallol by Py-IP achieved equilibrium at 60 minutes and NIP was achieved as early as 40
minutes. At the equilibrium point, Py-IP and NIP adsorbed up to 50% and 30% of target
molecules, respectively.
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Figure 4 Effect of contact time on adsorption pyrogallol by Py-1P and NIP

To understand the behavior of adsorption mechanism, the data from kinetic adsorption was
analyzed using pseudo-first-order and pseudo-second-order models. The pseudo-first-order and
pseudo-second-order can be represented by Equation 4 and Equation 5 (Liu et al., 2004).

log (ge — qr) = log ge — (k1/2.303)t (4)
/g = 1/KsQe” + t/qe (5)

The adsorption kinetic constants for the pseudo-first-order and pseudo-second-order are listed
in Table 2. Results showed that the R? of the pseudo-second-order for both Py-IP (0.9952) and
NIP (0.9932) was higher than the R? of the pseudo-first-order. K; and K indicate the
adsorption rate of the pseudo-first-order and the pseudo-second-order, respectively. These
results showed that the adsorption rates of Py-IP and NIP, respectively were faster for the
pseudo-second-order compared to the pseudo-first-order.

Table 2 Kinetic constants for Py-1P and NIP

Samples Pseudo-First Order Pseudo-Second Order
R’ Qe Ki R’ Qe Kz
Py-IP 0.7452 1.6873 0.3390 0.9952 3.9401 0.0470
NIP 0.0559 1.2416 6.4484x10° 0.9932 2.1556 0.0498

3.3.3. Selectivity study

The Selectivity of Py-1P and NIP towards pyrogallol was studied in order to estimate the effect
of imprinting factor. Gallic acid (GA) was selected to be used as analogue template to
pyrogallol due to the similarity properties. Figure 5 shows that the adsorption of pyrogallol by
Py-IP was higher than NIP. This was due to the complementary binding sites in Py-IP
compared to NIP. However, the adsorption of GA by NIP was higher than Py-IP, due to the
non-existence of an imprinting site inside the polymer matrix.

The Selectivity studies involved the distribution and coefficient of GA with pyrogallol, which
can be calculated by the following Equation 6, where K is the distribution coefficient.

_ &=tp)
K, =——Lxv (6)
Selectivity coefficient (k) can be calculated by the following Equation 7:

_ Ka (PY)
T Ky (GA) ()
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Figure 5 Selectivity study by Py-IP and NIP

The relative selectivity studies can be calculated from selectivity coefficient by the following
Equation 8:

k.r — kimyréntad (8)

kcon trol

Table 3 shows the summary of Ky, k and &’ for the selectivity study between GA and
pyrogallol. The &’ value for Py-IP is 2.2617, which represents a good selectivity towards
pyrogallol (Yusof et al., 2013; Liu et al., 2004). This shows that the binding cavities has
successfully been imprinted in Py-IP.

Table 3 Selectivity study constant for Py-1P and NIP

Target Molecule Kg NIP Kq Py-IP K nip K py-ip k’
Pyrogallol (Py) 1.9290 3.3565
Gallic Acid (GA) 4.2374 3.2600

0.4552 1.0296 2.2617

4. DISCUSSION

The main objective of this research was to study the binding capacity of Py-1P and NIP using 4-
VP as a functional monomer in a polar solvent under precipitation polymerization. The yield
obtained for the synthesized polymers were low. This might be due to the types of the
functional monomer used. As discussed earlier, functional monomer is one of the components
which responsible for the binding interactions in the imprinted binding sites (Cormack &
Elorza, 2004). The interaction and the stoichiometric ratio between template and monomers are
important parts because the strength of this interaction reflects the performance of MIPs.
However in this study, free radical polymerization was used in excess monomer which
contributed to the lower yield of product.

Results from precipitation polymerization process yielded spherical beads. The uniformity of
the beads obtained was due to the influence of toluene in the acetonitrile-toluene mixture
(Pardeshi et al., 2014). SEM results also show the difference of diameter between Py-IP and
NIP, due to the presence of the template that can affect the formation of the imprinted polymer
(Farrington et al., 2006). Particles with size range of 9 pum (Py-1P) and 3 pum (NIP) were
obtained. The SEM micrographs were revealed that Py-1P with imprinting effect of pyrogallol
showed relatively rougher microstructure. The rougher surface was attributed to the binding
occurred, resulting in cavities when the template was removed (Gonzélez et al., 2006). A few
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similar observations were also reported, which were attributed to the differences in surface
morphology between the imprinted polymer and the NIPs (Ahamed et al., 2013; Santos et al.,
2014; Sikiti et al., 2014) studied by SEM. Next, the FTIR studies showed that both Py-IP and
NIP had similar backbone, due to the similar functional monomer used. According to the FTIR
spectra, peaks that indicated the backbone of the template (3399 cm™) do not exist in the Py-IP
spectrum. This suggests that the template was completely removed from the polymer complex.

Binding studies of Py-IP and NIP were obtained from the experimental work on the different
dosage, contact time and selectivity variables. Results from the different dosages studied
showed that Py-IP achieved equilibrium at 6 mg and NIP achieved equilibrium at 8 mg,
respectively. Equilibrium was achieved due to the high complimentarity between the target
molecule and binding sites in the polymers. The equilibrium stage was established due to the
resistance of the adsorption into the deep cavities when the surface cavities were occupied by
target molecule (Kan et al., 2008). As from the result, the NIP achieved equilibrium earlier than
the Py-IP. This result concluded that, the NIP had no cavities and was occupied with target
molecules faster. In order to understand the mechanism of the polymers’ adsorption, the
adsorption isotherm was applied. Results showed that Py-IP and NIP fitted the Scatchard
isotherm. Since the Scatchard isotherm is synonymous with the Langmuir Type IV model, this
explained that the relationship between the number of active sites of the adsorbent surface and
the analyte concentration. From the result, Py-IP had higher value of Kp, which indicates the
efficient adsorption capacity of the polymer and the value of n < 1 indicates that the chemical
process occurred in different levels of the Py-IP surface (Garcia-Calzén & Diaz-Garcia, 2006).
In some studies, the Scatchard plot yields a straight line, which suggested that the polymers
represented only one type of binding site (Wu et al., 2008).

The kinetic study was calculated from the effect of contact time on pyrogallol adsorption by
NIP and Py-IP, respectively. From the results, NIP achieved equilibrium earlier when compared
to Py-IP. This is due to the non-existence of binding cavities in the NIP. To understand the
behavior of the adsorption mechanism, the kinetic study was calculated using a pseudo-first-
order and pseudo-second-order method. Results showed that NIP and Py-IP followed the
pseudo-second-order. As an explaination, the pseudo-second-order explains the rate-limiting
step at the surface involves chemisorption. Chemisorption explains that the removal from the
solution is due to the physicochemical interaction between the two phases (Robati, 2013).
Chemisorption is an adsorption process, which is based on chemical reactions between the
adsorbate and the adsorbent’s surface. This process involves the valence force that allows the
exchange or sharing of electrons to occur (Vimonses et al., 2009). From this research, the
pyrogallol molecule can interact with the imprinted sites in the polymer matrices during the
molecular recognition stage.

Selectivity of Py-IP and NIP was studied in comparison to GA, which has similar properties to
Py. It was determined by the value of relative selectivity (k’). The value of £ must >1 to
consider the imprinted polymer to be acceptable and to have a good selectivity towards the
target molecule (Yusof et al., 2013; Liu et al., 2004). Results showed that the value of £’ for Py-
IP was >1, which indicated that Py-IP was successfully imprinted and had a good selectivity
towards Py.

5. CONCLUSION

As a conclusion, Py-IP and NIP was successfully synthesized via precipitation polymerization
and spherical polymers beads were obtained. Binding properties for Py-IP and NIP were
evaluated by adsorption isotherm studies. As a result, maximum adsorption capacity obtained
for Py-IP and NIP was up to 50% and 30%, respectively. Py-IP achieved equilibrium at 60
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minutes while NIP achieved equilibrium earlier, at 40 minutes of adsorption time, due to the
absences of cavities. From the experimental data, Py-IP and NIP fitted the Scatchard isotherm
and both obeyed the properties of a pseudo-second-order. The Selectivity study showed that the
value of the £’ is >1, which indicated that Py-IP had a good selectivity towards pyrogallol and
was successfully imprinted.
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