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ABSTRACT

The scope of this study was to synthesise and characterise the multi-template molecularly imprinted polymer (MIP) and to use target
compounds, naproxen, ibuprofen, diclofenac, fenoprofen and gemfibrozil as templates so as to achieve all maximum extraction efficiency
for all compounds. These compounds are a class of nonsteroidal anti-inflammatory drugs (NSAIDs) generally used by humans, as they have
pain-relieving activities. MIPs are cross-linked polymeric materials that display high binding capacity and selectivity towards templates of
interest. The synthesis consisted of a bulk polymerisation process at 60 °C by using NSAIDs as multi-templates, ethylene glycol dimethacrylate
(EGDMA), 2-vinyl pyridine (2VP) and toluene as cross-linker, functional monomer and porogen, respectively. Nonimprinted polymer
(NIP) was synthesised in a similar manner with the omission of the templates. Characteristics of the polymers were analysed using Scanning
Electron Microscopy (SEM), Fourier Transformed Infrared Spectroscopy (FTIR), Solid State Nuclear Magnetic Resonance Spectroscopy
(NMR) and Thermal Gravimetric Analysis (TGA). An adsorption method of NSAIDs using the bulk polymerised MIP was investigated
under various pH, mass, concentration and time conditions. Other parameters included adsorption kinetics and adsorption isotherms.
Uptake of NSAIDs from an aqueous medium was achieved with 40 mg of MIP at pH 4.0 within 10 min of contact time. The extraction
efficiencies achieved for NSAIDs in aqueous solutions ranged from 90-98% for all compounds tested. The adsorption capacity obtained for
MIP ranged from 1.230-1.249 mg g~! and 0.90-1.136 mg g! for NIP, whereas the selectivity values ranged from 1.12-2.4. A kinetic study
revealed that adsorption obeys a second-order rate, and the Langmuir model explains adsorption isotherm data. This work showed that the
multi-template approach for all the target compounds has the potential to give maximum extraction efficiencies in MIP extraction systems
from aqueous samples.
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INTRODUCTION are prepared using a functional monomer(s), which permits
the interactions with the functional group(s) of a template to be
recognised, and they are prepared with a cross-linking monomer(s)
in the presence of the target molecule(s). The imprint molecule(s)
is detached from the polymer to create the molecularly imprinted
complementary binding site(s) for the target molecule(s).> In the
course of the most recent twenty years, MIPs have gained frequent
scientific applications that incorporate their utilisation as; solid-
phase extraction (SPE) sorbents,® chromatographic stationary
phase,”? and electrochemical sensor.** The popularity of MIPs in
science applications is ascribed to their properties that include high
selectivity, mechanical strength, and resistance against acids, bases,
organic solvents, high pressures and temperatures.’'3> Much work has
been coordinated towards using MIP to extract a single compound
from different aqueous samples.>*3¢ However, little research has been
done on aqueous solutions using multi-templates MIP, especially on
NSAIDs. A study on synthesis, characterisation and optimisation of
magnetite MIPs for the application in the removal of NSAIDs was
reported by Mamman et al.¥” In separate studies by Madikizela et al.,
the determination of ibuprofen, naproxen, and diclofenac in aqueous
samples was reported using a multi-template MIP as a selective
adsorbent for solid-phase extraction.’® Elsewhere, selective removal
of acidic pharmaceuticals from contaminated lake water using multi-
templates MIP was reported by Dai et al.* Given the scope presented
above, a novel MIP was prepared via template-directed molecular
imprinting by a non-covalent imprinting scheme. The materialisation
of a number of pharmaceutical molecules imprinted in the polymer
matrix was investigated using an NSAIDs mixture standard consisting
of five pharmaceuticals, naproxen, ibuprofen, diclofenac, fenoprofen,

Numerous studies have disclosed that a number of pharmaceutical
compounds are frequently detected in surface waters, making
pharmaceuticals an increasing environmental concern for the last few
years. > NSAIDs constitute one of the major groups of pharmaceuticals
widely used globally. These pharmaceutical compounds are extensively
employed for treating pains, fever and therefore represent the active
constituent in many common painkillers.* Most studies have reported
the occurrence of these pharmaceuticals in wastewater treatment
plant (WWTP) influents due to human excretion.>® Previous findings
have reported that WWTPs are the major source of these substances in
river water.’ Also, some studies have indicated the existence of NSAIDs
influent to sewage treatment plants (STPs),'*!* just as in digested
sludge with distinguished amounts in sludge mostly in the range of
10-100 ng g~! dry weight.'*!* One of the major concerns is that if such
sludge is utilised for composting food crops, NSAID residues might
be taken up into the plants and water, thus contaminating human
and livestock food. The probable uptake of pharmaceuticals by plants
from contaminated soil and water used for irrigation of crops has been
widely reported.'!” Much of the time, pharmaceuticals are taken by
roots and moved into different tissues by transpiration and diffusion.
Because of the plant uptake, these substances in food sources, for
example, vegetables, are a public concern.?-»

Molecular imprinting is a method used to synthesise polymers
with highly specific binding sites for tiny particles.?* These polymers
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and gemfibrozil (Figure 1). A functional monomer is known to be
a compound that is responsible for the binding interactions in the
imprinted binding sites. In a non-covalent imprinting approach, a
functional monomer is used in excess relative to moles of a template
to favour the formation of template-functional monomer assemblies.
In the current study, 2-vinyl pyridine was selected as the functional
monomer. This monomer can form hydrogen bonds with the target
molecules” carboxylic group, as shown in the scheme (Figure 2). The
optimisation of the resulting polymer, including adsorption properties,
isotherms, kinetics and selectivity, were discussed, and the effect of
pH, contact time and MIP amount on extraction efficiencies were also
investigated. The physical properties of the template molecules are
shown in Table 1.

EXPERIMENTAL
Reagents

Gemfibrozil (98%), Ibuprofen (>98%), Fenoprofen ((=98%), Naproxen
(98%), Diclofenac sodium salt, 2-vinyl pyridine (97%), Ethylene glycol
dimethacrylate (98%), 1,1’-azobis-(cyclohexanecarbonitrile) (98%),
high performance liquid chromatography (HPLC) grade acetone
(299.8%), HPLC grade methanol (299.8%) and toluene (99.7%) were
purchased from Sigma-Aldrich (Steinheim, Germany). The structure
of the target pharmaceuticals is shown in Figure 1. HPLC-grade
acetonitrile (299.9%) and glacial acetic acid (100%) were purchased
from Merck (Darmstadt, Germany). Formic acid (approx. 98%) was
purchased from Fluka (Steinheim, Germany).
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Figure 1: Molecular structures of the template molecules
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Figure 2: Templates interactions with the functional monomer

Table 1: Physical properties of the template molecules

Molecular Water

Compound Formula weight PKa solubility Log ko,
Diclofenac  C,,H,,CL,NO, 296.2 4.0 4.52 4.5
Gemfibrozil C5H,,05 250.3 4.7 8.42 4.8
Ibuprofen C3H50, 206.3 44 41.1 4.0
Naproxen C;H 4,05 230.3 42 44.1 3.2
Fenoprofen CysH,,04 242.3 45 30.0 4.0

Instrumentation

Chromatographic separation was performed on an HPLC system with
an online mobile phase degasser unit (Model: DGU-20A3), UV/vis
detector (Model: SPD-20A), 20 pL sample loop and pump (Model:
LC-20AB), all obtained from Shimadzu Corporation (Kyoto, Japan).
The mobile phase comprised of a mixture of acetonitrile: 0.2% formic
acid in water (70:30, v:v) at a flow rate of 0.8 mL min~". Separation was
performed on a Kinetex C18 HPLC column of 150 x 4.6 mm X 2.6 pm
attained from Phenominex (California, USA). For data collection and
processing, Shimadzu LC solutions software was used. The UV/vis
detector was set at 230 nm and 200 nm for all template measurements.
The FTIR characterisation was recorded using a 1600 Paragon
Spectrophotometer from PerkinElmer. TGA was performed using
a TA instrument, model SDTQ600. TGA curves were recorded at a
heating rate of 10 °C min~' from 30 °C to 700 °C under a nitrogen
purge of 50 mL min~'. SEM, Zeiss Merlin Field Emission Scanning
Electron Microscope (FESEM), electron image EHT (kV) probe, was
used to study the polymer morphology. The solid-state *C CP/MAS
NMR was performed by Varian VNMRS 600 MHz NMR. The spectra
were obtained utilising a dual-channel 4 mm che-magnetics probe
using 4 mm zirconia rotors. The cross-polarisation (CP) spectra were
recorded at 25 °C with proton decoupling using a recycle delay of 10s.
The CP pulse power parameters were optimised for the Hartmann-
Hahn match using a glycine standard sample. The contact time for
cross-polarisation was optimised to 2.0 ms. Magic-angle-spinning
(MAS) was performed at 10 000 revolutions per second (10 kHz).

Synthesis of polymers

A procedure reported by Madikizela et al. *° was applied with alteration
for the synthesis and bulk polymerisation of a polymer in two stages
reaction process. The first step was carried out by dissolving all the
templates, ibuprofen (0.1 mmol), naproxen (0.1 mmol), diclofenac
(0.1 mmol), fenoprofen (0.1 mmol) and gemfibrozil (0.1 mmol) and
54 pL 2-vinyl pyridine (2-VP) and a mixture of acetonitrile/toluene
(1:3, v:v). The mixture was stirred in a 250 mL round bottom flask for
30 minutes at room temperature. In the second step, 4.77 pL EGDMA
was added along with 100 mg 1,1"-azobis-(cyclohexanecarbonitrile),
used as a radical initiator. The mixture was purged with nitrogen gas
for 10 minutes, sealed and stirred in an oil bath at 60 °C for 16 hours to
initiate polymerisation. After 16 hours, the temperature was increased
to 80 °C and maintained for 24 hours to achieve a solid polymer. The
resulting polymer was oven-dried at 80 °C to constant mass. NIP was
prepared under the same conditions in the absence of the template
molecules.

Removal of the template

The removal of the imprinting templates to free the imprinted cavities
was performed using the dry MIP by the Soxhlet extraction technique.
A mixture of 10% (v/v) acetic acid in methanol was used to elute the
templates from the polymer. The elution step was repeated multiple
times until the HPLC system no longer detected the templates.
Subsequently, 100% acetonitrile was used to wash off the acetic acid.

Grinding and sieving of the polymers

The polymer was milled, sieved and particles ranging from 25 to
50 pm were collected. For the entirety of the subsequent analysis, the
particle size portion used was 25 pm, and the fraction above 50 um
was used for characterisation.

Batch adsorption and optimisation studies

The adsorption experiments for both polymers were evaluated at
ambient temperature using deionised water previously spiked with
5 mg L-! naproxen, ibuprofen, diclofenac, fenoprofen and gemfibrozil.
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These experiments were done to study the effect of pH (2.5-10), MIP
mass (10-50 mg) and adsorption time (10-60 min) on extraction
efficiency. Just one parameter at a time was changed while the others
were kept constant during the optimisation. The effect of the adsorption
medium was also investigated using acetone, acetonitrile, toluene,
methanol and water. Initially, a 10 mL solution containing NSAIDs
standard (5 mg L!) was prepared in each solvent, and the adsorption
process was allowed to occur at optimum MIP amount and optimum
contact time. It was important to consider this process as it has been
reported that the type of solvent used to dissolve the target compound
is known to impact the batch adsorption capacity for the MIP.#*' The
NSAIDs standard prepared in water was treated likewise. Extraction
efficiency was determined for each situation. Each experiment was
conducted in triplicates. The extraction efficiency, the quantity of each
NSAID extracted by MIP, was determined as the variance between the
spiking amount and the residual amount in solution after extraction
using equation (1). The adsorption capacity, the maximum amount of
each NSAID adsorbed by a unit mass of MIP, was determined using
equation (2), where C, symbolises the initial concentration (mg L")
before the adsorption and C, the final concentration (mg L) of target
compound remaining in solution after adsorption. V is the volume (L)
of the solution, and W represents the mass of the polymer in grams. 4
(C,-C
C

Extraction efficiency (%) = s ) x100

1

(G -¢C)

Adsorption capacity (mg. g’l) = .

v (2)
The adsorption procedure was explained using equation (3) and
equation (4) for pseudo-first-order and pseudo-second-order kinetic
models. The adsorption mechanism was explained using the model
with the higher R? value, where Q, and Q, are adsorption capacity
parameters (mg g!) at equilibrium and at a time, t (min), respectively.
K, and K, are Lagergren pseudo-first-order (min') and pseudo-
second-order sorption rate constants, respectively.*-4°

K.t
log(Q. Q) =log Q. -t~ (3)
t 1 t
— = +— (4)
Qe KZQeZ Qe

The extent of adsorption and the isothermal analysis of the polymers
were explained using equations (5) and (6) for the linearised form
of Freundlich and Langmuir isotherms, respectively. Where m is the
adsorption intensity or surface heterogeneity, C, is the adsorption
capacity of the target molecule (mgg™), Q... is the maximum
adsorption capacity (mgg™), and K is the Langmuir adsorption
equilibrium constant.* The constants K; and Q,,,, were determined
using the intercepts and slopes of the linear plots of C./Q versus C..

logQ=mlog C, +log a (5)
Co_ G 1 ©6)
Q Qmax QmaxKL

Selectivity study

The selectivity of the MIP for NSAIDs was conducted at room
temperature in batch rebinding experiments using optimum
conditions, which were deionised water (pH 4.0) that was previously
spiked with 5 mg L' mixture of gemfibrozil, diclofenac ibuprofen,
naproxen, fenoprofen and ketoprofen (as a competitor). The spiked
solution (10 mL) was poured into a flask containing 40 mg of the MIP.
Theresulting solution was stirred atambient temperature for 10 minutes
and transferred into 3-mL SPE tubes. Frits were placed below and

above the MIP to avoid losing sorbent, and liquid fractions were sent
to waste. After that, the concentration of the un-adsorbed compounds
in the solution was quantified with HPLC. The competitive adsorption
of NSAIDs from their mixtures in the presence of ketoprofen was then
conducted. The effect of imprinting on selectivity was calculated using
equation (7). Where Ky (mg g') is the distribution coefficient, C, is the
initial solution concentration, C, is the final solution concentration,
V (mL) is the volume of the solution, and W (mg) is the weight of
the polymer. Furthermore, the selectivity coeflicient for the binding of
NSAIDs compounds in the existence of a competitor was calculated
regarding equation (8), where K is the selectivity coefficient. Also, the
selectivity of the MIP with respect to the NIP was obtained using the
relative selectivity coefficient (K’) according to equation (9).

C,-C
Ky=—=% v
g W (7)
K, (Template
K - o{Tomple) ®
Ky (Competltor)
K' = Kyip )
Kyp

RESULTS AND DISCUSSION
Synthesis and characterisation

The FTIR spectra for polymers (Figure 3) are more or less comparable
to one another, consistent with the fact that both polymers were
prepared based on the same monomer, cross-linker and initiator.
All the significant peaks agreed with the information acquired from
previous studies.*® 47 The interface between templates and monomer
offered changeable peaks in the spectrums, which exhibited a broad
OH stretching vibration peak at 3500 cm™ for MIPs. These peaks
can be related to the methacrylic acid carboxylic group (COOH).
The -CH, stretching peak was likewise seen at 2900 cm™! due to the
methylene group in 2-VP and EGDMA. The carbonyl group C=0
stretching peak was seen in both MIP and NIP at 1700 cm™!, which
might have originated from the template and cross-linking molecules.
Weak arrangement bands from 1600 cm™ to 1200 cm™! and sharp
bands at 1100 cm™! specifically on MIPs spectra demonstrate the
presence of an aromatic ring of the target compounds.

SEM was used to analyse the surface morphology and the particle
size for both MIP and NIP. The results (Figure 4A and B) indicate
that the type of particles obtained was all found to be more irregular
for both polymers. The control polymer (NIP) was seen to have a
smoother surface than the MIP. In contrast, the MIP, after the removal
of the template on the opposite side, had rough surfaces. These
rough surfaces can be ascribed to the development of cavities during
the synthesis method. A previous study has documented that the
roughness of MIP particles can prompt high surface area than that of
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Figure 3: FTIR spectra for MIP, NIP and monomer
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Figure 4: SEM micrographs of A = MIP and B = NIP

the control polymer. Thus MIP can adsorb analytes of interest superior
to the control polymer.*

TGA was performed to investigate thermal stability for both MIP and
NIP (Figure 5). At 50 °C, MIP and NIP had a mass loss of around 5%
and 7%, respectively. Thermal decomposition of polymers was further
observed at 280 °C, which was noticeable as the temperature where the
polymer spine collapses. In literature, the polymer spine collapsed at
300 °C for MIP synthesised for 2-phenyl propionic acid NSAIDs.* The
polymers then attain total decomposition from 400 °C. The difference
may have been brought about by structural variations that might have
occurred during the removal of the template procedure.

The solid-state '*C CP/MAS spectra for the MIP and NIP (Figure 6)
were performed by NMR. In comparing the spectra for both polymers,
there are no dissimilarities in the chemical shifts or comparative signal
intensities observed, which indicates that the materials were chemically
equivalent. All signals could be allocated in agreement with the
anticipated arrangement of the polymers, and the relevant peaks were
in agreement with the data obtained from previous studies.*-*! The
resonances illustrated that correspond to the several methyl groups
were represented by the broad peak at 23 ppm. Other groups identified
were methylene groups in cross-linker at 47 and 65 ppm and the CO,R
group at 175 ppm. These results were expected, given the type and the
nature of imprinting, which uses a large amount of EGDMA and 2-VP.
At the same time, carbonyl grouping in CO,R is distinctly observable
at the far end, which agrees with the literature results.>*

Optimisation of adsorption studies

The monomer-template interaction was promoted by adjusting the pH
of the water solutions. The pH was investigated in the range (2.5-10).
The study showed that pH 4 was optimum as polymers could adsorb
the target compounds. They demonstrated that maximum adsorption
efficiency decreases with increased pH (Figures 7 and 8). This pH
increase might be attributed to the hydroxide ions interferences in
MIP cavities. The same trend was observed with other studies in the
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Figure 5: Thermogravimetric analysis of the synthesised MIP and NIP
— MIP — NIP R-CH»R
R-COO-R R-CH:»-O
R-CH:
A AL A
r v L T S—r T s
300 250 200 150 100 50 0
ppm
Figure 6: Solid-state *C CP/MAS NMR Spectra of MIP and NIP
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Figure 7: Effect of pH on MIP extraction efficiency
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Figure 8: Effect of pH on NIP extraction efficiency

literature.** > It was also noted that the adsorption efficiency decreases
with the decrease in pH below 4. This adsorption efficiency decrease
can be due to an easy protonation of the monomer via the lone pair
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making it rebinding problematic. Therefore, pH 4 was chosen as an
ideal and used in all succeeding experiments. The effect of pH is
essential to accomplish maximum extraction of target compounds.
For the adsorption of acidic pharmaceuticals, it has been documented
that the extraction depends on the hydrogen bonding of the targeted
compounds and functional monomer.>*

Batch adsorption was carried out by varying the amount of MIP
from 10 to 50 mg, while parameters such as the sample pH (4.0),
concentration of the target compounds (5 mgL-!), sample volume
(10 mL) were constant. Results in Figure 8 indicated that when 40
mg of the MIP was employed, the extraction efficiencies ranged from
95-98% for all the tested compounds. The closeness of the range of
extraction efficiencies could be due to the use of multi templates,
indicating that all target compounds had pretty much equivalent
possibility of getting adsorbed. It was seen that higher extraction
efficiencies were obtained for the MIP (Figure 9) compared to NIP
(Figure 10). This difference in extraction efficiencies maybe because
of the polymer imprinting effect. Hence, adsorption experiments were
subsequently carried out using 40 mg of the polymer.

While the sample pH (4.0), initial concentration (5 mgL™),
adsorbent mass (40 mg) and sample volume (10 mL) were kept constant,
the effect of contact time (Figure 11) was studied by determining the
extraction efficiency as a function of time. The extraction efficiencies
more prominent than 70% were attained within 10 minutes of contact
time between NSAIDs and adsorbents (Figure 10). In order to ensure
the regularity uptake of target compounds from aqueous samples, the
contact time of 10 min was employed in subsequent experiments. In
a previous study,? the results obtained revealed that when 50 mg of
the MIP was used, more than 91% of ibuprofen and naproxen were
extracted, diclofenac extraction efficiency was achieved at 100%.
Higher extraction efficiencies were obtained for the MIP than the
NIP. NSAIDs were observed to have an expressive improvement in
extraction efficiencies, especially naproxen after 10 min, indicating that
MIP had more binding sites conformation on its surface for NSAIDs
adsorption, likely because of removal of templates. The same could not
be said with NIP (Figure 12) as it reached its saturation point within
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Figure 9: Effect of MIP amount on extraction efficiency
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Figure 10: Effect of MIP amount on extraction efficiency

20 min. MIP adsorption capacity ranged from 1.229-1.249 mg g™
and from 0.901-1.125 mg g~! for NIP, as shown in Table 2. These were
comparable with adsorption capacities studied by Santosda, where
adsorption capacities for MIPs ranged from 0.35-1.82 mg g™, for the
study on the assessment of surfactants on the performance of MIPs
toward adsorption of pharmaceuticals.”

The uptake of compounds from different solvent conditions was
evaluated, and the solvents were studied in the increasing polarity
order; water, acetonitrile, methanol, acetone and toluene. The effect of
the adsorption medium indicates that the highest extraction efficiency
(>90%) was achieved when NSAIDs were dissolved in toluene
(Figure 13). The results were somewhat anticipated as the porogenic
solvent used in this study was toluene and is least polar. This solvent has
little effect that disrupts monomer and template binding interactions.
Good extraction efficiencies (>80%) were obtained for all compounds in
water, acetonitrile, methanol, acetone and toluene, except for diclofenac.

Kinetic modelling

The rate of the adsorption of the NSAIDs by MIP and NIP was
measured as a function of time. If second-order kinetics is applicable,
the plot of t/Q versus t is expected to give a straight line. The values
K, and Q. were calculated from the intercept and the plot slope,
respectively; the data is presented in Table 3.

Table 2: Adsorption capacity on contact time

Compound MIP NIP
Diclofenac 1.247 1.112
Gemlfibrozil 1.249 1.112
Ibuprofen 1.246 1.123
Naproxen 1.232 1.125
Fenoprofen 1.229 0.901
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Figure 11: Effect of MIP contact time on extraction
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Figure 12: Effect of NIP contact time on extraction
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Figure 13: Effect MIP porogenic solvent on extraction efficiency

Table 3.: Calculated data for the kinetic models

Pseudo- Pseudo-second-order
first-order
Polymer Compound
RZ RZ 2 . Qe
(gmg'min™') (mgg™)
MIP Gemfibrozil ~ 0.8256 0.9998 10.1 1.230
Fenoprofen ~ 0.8888 0.9999 4.01 1.117
Naproxen 0.8532 0.9997 3.50 1.236
Diclofenac 0.3252 0.9990 11.8 1.411
Ibuprofen 0.9423 0.9960 12.1 1.350
NIP Gemfibrozil  0.8365 0.9982 0.92 0.930
Fenoprofen ~ 0.8979 0.9822 3.58 0.850
Naproxen 0.7510 0.9950 291 1.128
Diclofenac 0.6325 0.9238 3.75 1.096
Ibuprofen 0.9216 0.9888 0.09 1.255

The kinetic modelling results showed that the adsorption process
follows pseudo-second-order kinetics. A pseudo-first-order model
did not obey the straight line; a low correlation coeflicient (R?) value
0f 0.9423 compared to 0.9999 for the pseudo-second-order model was
obtained, indicating the first-order kinetic model is less appropriate.
The pseudo-second-order equation gradient was used to estimate the
adsorption capacities. The adsorption capacities obtained for MIP were
1.230,1.117, 1.236, 1.411 and 1.350 mg g™' for gemfibrozil fenoprofen,
naproxen, diclofenac and ibuprofen, respectively. The maximum
adsorption capacities from the batch adsorption experiments were
1,249, 1,248, 1.238, 1.247 and 1.248 mg g~! for gemfibrozil, fenoprofen,
naproxen, diclofenac and ibuprofen, respectively. The experimental
adsorption capacities were within the standard deviation of the
calculated values, suggesting there was a good agreement between
the two processes. The pseudo-second-order kinetic results and the
Langmuir adsorption isotherm modelling results can be acknowledged
and accepted in describing the magnitude of adsorption on NSAIDs
in MIP cavities.

Adsorption isotherms

The amount of materials adsorbed is determined as a function of
the concentration at a constant temperature that could be explained
in adsorption isotherms. Adsorption isotherms were investigated
for NSAIDs with MIP and NIP using the optimised conditions.
Langmuir and Freundlich established equations utilised to portray
the experimental isotherm information. The Langmuir model
is considered the most popular and widely applied adsorption
isotherm.*-” The adsorption data were analysed using the linear form
of the Langmuir isotherm. The Freundlich expression is an exponential
equation and therefore presumes that the sorbate concentration on the
adsorbent surface increases as the increase of sorbate concentration.
The applicability of the Freundlich sorption was additionally
examined by plotting log Q, versus log C.. The constant K; and Q..

were determined using the intercepts and slopes of the linear plots
of C./Q versus C.. Given the correlation coefficients acquired, the
information fitted well with the Langmuir isotherm. Therefore, the
solid match and good fit for Langmuir isotherm was possibly proof
of the overwhelming status of the compound adsorption, which
may frequently prompt monolayer adsorption on the surface of
the adsorbents. Table 4 shows data extracted from the adsorption
isotherms. As expected, the obtained maximum adsorption capacities
for the MIP were higher than those for NIP; since MIP has more
binding sites than the NIP.

Selectivity studies

The selectivity of the MIP was assessed using equations (7-9) described
earlier. During the experiment, deionised water was spiked with 5 mg L
of target compounds in the presence of equal amounts of ketoprofen
is used as a competitor in a multi-component process. Ketoprofen is
an acidic pharmaceutical with more or less similar physicochemical
properties and size as the target compounds. It extensively coexists
with all the mentioned targets in water bodies. It was expected that
these compounds would form hydrogen bonds with 2-VP, which
was used as a monomer during imprinting due to the presence of the
carboxylic group in these compounds’ chemical structure. The HPLC
separation of ketoprofen from other compounds was achieved using
the conditions in section 2.2. Also, K’ values of the imprinted polymers
were compared with ketoprofen to estimate the influence of imprinting
on selectivity. The binding capacities of the compounds on MIP were
higher than NIP. Table 5 summarises the KD, K and K’ valuesof the
compounds. The K’ values for diclofenac, gemfibrozil, fenoprofen,
naproxen and ibuprofen were 1.12, 2.4, 1.38, 1.55 and 1.28, respectively.
The selectivity of MIP and NIP towards NSAIDs in the presence of
ketoprofen revealed that MIP has a greater selectivity towards the target
compounds than NIP in aqueous samples (Figure 14). Elsewhere, * the
results showed that MIP also displayed high adsorption efficiencies for

Table 4: Data extracted from the adsorption isotherms

Langmuir Freundlich

Polymer Compound R: K, o R:

(Lmg™)  (mgg™)

MIP Gemfibrozil  0.9146 1.568 4.897 0.6998
Fenoprofen ~ 0.9193 0.356 3.655 0.8343
Naproxen 0.9999 0.328 4.852 0.8950
Diclofenac 0.9999 1.160 5.643 0.9918
Ibuprofen 0.4681 0.746 3.388 0.9171

NIP Gemfibrozil ~ 0.8565 2.666 4.223 0.9082
Fenoprofen 0.9179 0.879 3.111 0.9822
Naproxen 0.9721 0.268 3.783 0.8835
Diclofenac 0.9930 2.139 4.719 0.9238
Ibuprofen 0.9922 0.792 3.044 0.9555

4
35

1 KD (MIP)

31 KD (NIP)
25
2 |
15 -
1-
05 -
0

Diclofenac Gemfibrozil Fenoprofen Naproxen Ibuprofen Ketoprofen

Figure 14: Selectivity study of templates in the presence of competitor



RESEARCH ARTICLE

SM Nkosi, PN Mahlambi and L Chimuka

62

S AfrJChem, 2022, 76, 56-64
https://journals.co.za/content/journal/chem/

Table 5: Selectivity data of templates in the presence of competitor

Templates I?gl(gbél,}:)) Iérl’lg\g,%) K(MIP) K (NIP) K
Diclofenac 1.7 1.5 1.52 1.36 1.12
Gemfibrozil 3.9 1.8 3.94 1.64 2.40
Fenoprofen 2.0 1.6 2.00 1.45 1.38
Naproxen 2.1 1.5 2.12 1.36 1.55
Ibuprofen 2.2 1.9 2.22 1.73 1.28
Ketoprofen 1.0 1.1 - - -

five targeted compounds in the presence of two competitors. The Ky,
values on the selectivity of MIP followed the order of gemfibrozil >
ibuprofen > naproxen > fenoprofen > diclofenac, which could suggest
that the imprinting cavities of the compounds were created based on
the interaction of shape, size, and amount of hydrogen bonding and
functionality of the template. Even in multi-template MIPs, some
compounds are more preferred than others.

CONCLUSION

A novel multi-template MIP was successfully synthesised by the bulk
polymerisation process. FTIR confirmed that both polymers have a
similar backbone structure. TGA results revealed that both MIP and
NIP have similar backbone structures, with slight differences which
might have been caused by structural variations that might have
materialised during the template removal process. In comparing the
NMR spectra for MIP and NIP, no differences were observed in the
chemical shifts or relative signal intensities, implying that the materials
were chemically alike. SEM results showed that the surface of the MIP
was more irregular and rougher than NIP. The adsorption of target
compounds by MIP was viable at pH 4.0. Higher extraction efficiencies
for all target compounds were achieved using MIP than NIP due to the
advantageous use of multi-templates. The adsorption kinetics was best
fitted with pseudo-second-order, which indicates that chemisorption
occurred. Although similarities were noticed for both MIP and NIP
in polymer characterisation results, experiments on selectivity for
MIP demonstrated a high selectivity towards gemfibrozil than other
compounds.
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