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Abstract: In this paper, we report the synthesis of a multi-template molecularly imprinted polymer
(MIP) to target and extract naproxen, ibuprofen, diclofenac, emtricitabine, tenofovir disoproxil, and
efavirenz from wastewater bodies. A bulk polymerization procedure was used to synthesize the
MIP and non-imprinted polymer (NIP). The specific recognition sites for each target were obtained
through the removal of the imprinted targeted compounds. The interaction of antiretroviral drugs
(ARVs) and non-steroidal anti-inflammatory drugs (NSAIDs) compounds with the MIP was studied
under various conditions such as pH, mass, concentration, and time factors. The results demonstrated
the optimum conditions were 55 mg of MIP, pH 7.0, a concentration of 5 mg L1, and a contact
time of 10 min. For every compound studied, the extraction efficiencies for ARVs and NSAIDs in
aqueous solutions was >96%. The adsorption capacity for the MIP was >0.91 mg-g~!. Adsorption
obeys a second-order rate, and the Freundlich model explains the adsorption isotherm data. This
study demonstrated that the synthesized multi-template MIP has huge potential to be employed
for the removal of ARVs and NSAIDs from the environment as well as in drug purification or
recovery processes.

Keywords: multi-template molecularly imprinted polymer (MIP); NSAIDs; ARVs; adsorption;
second-order isotherm

1. Introduction

Several studies have revealed that a variety of pharmaceutical substances are regularly
discovered in surface waterways, making them a growing environmental and public health
concern over the past decade [1-4]. Among these pollutants, antiretroviral (ARV) drugs
and non-steroidal anti-inflammatory drugs (NSAIDs) have gained particular attention
due to their widespread usage and persistence in aquatic systems. The discharge of
these pharmaceutical compounds into natural water bodies, primarily through effluent
discharges from sewage treatment plants and hospitals, has raised questions about their
potential impacts on aquatic ecosystems and human health [5-8].

ARV drugs, which are essential in the treatment of HIV/AIDS, have dramatically
improved the quality of life and life expectancy of individuals living with the disease.
However, their presence in water systems poses potential risks, including the develop-
ment of drug-resistant strains of the virus and adverse effects on aquatic organisms [9,10].
On the other hand, NSAIDs, commonly used to relieve pain and inflammation, can also
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be found in aquatic environments due to their extensive use. The environmental con-
sequences of NSAID contamination include disrupted endocrine systems in aquatic or-
ganisms and potential risks to human health through the consumption of contaminated
water or seafood [11,12]. To address these concerns and mitigate the impact of pharma-
ceutical pollutants in water systems, researchers have turned to innovative technologies,
including molecularly imprinted polymers [13], activated carbon [14], zeolites [15], and
silica gel [16], which are conventional choices due to their widespread availability and
cost-effectiveness. Activated carbon boasts a high surface area and adsorption capacity,
making it suitable for general-purpose adsorption tasks [17]. However, its lack of molecular
selectivity and susceptibility to fouling limit its applicability in tasks requiring specific
molecular recognition. Similarly, zeolites offer a well-defined pore structure and selective
adsorption properties, but their limited scalability and relatively high cost pose challenges
for certain applications [18]. Silica gel, known for its good adsorption capacity for polar
molecules, is cost-effective and chemically inert but suffers from limited selectivity and
susceptibility to hydrolysis [19].

In contrast, molecularly imprinted polymers (MIPs) present a distinct advantage in se-
lective adsorption purposes. MIPs are synthetic materials designed with specific molecular
recognition sites that can selectively bind to target compounds, such as pharmaceuticals [20].
Their customizability and high selectivity make MIPs promising candidates for the removal
of ARV drugs, NSAIDs, and other pharmaceutical pollutants from water sources [21,22].
By leveraging molecular recognition principles, MIPs offer an environmentally friendly
and efficient solution to this emerging environmental challenge. To prepare these MIPs,
various important materials are needed, such as a functional monomer and cross-linking
agent. A functional monomer is a molecule that is known to be responsible for the binding
interactions at imprinted binding sites [20,23]. A functional monomer is utilized in excess
compared to moles of a template in a non-covalent imprinting technique to promote the
production of template-functional monomer assemblies [24]. The functional monomer in
the current study was 2-vinyl pyridine. This monomer can create hydrogen bonding with
the carboxylic group of the target molecules and plays a crucial role in the formation of
selective binding sites within the MIPs, facilitating the recognition and separation of the
target molecule [20]. The functional groups present on the template molecule interact with
complementary functional groups within the polymer matrix, in this case, the nitrogen in
the pyridine, leading to specific binding and recognition of the target molecule based on
chemical compatibility. A cross-linking agent is used to synthesize the polymer to form
covalent bonds between polymer chains, creating a network structure that helps to stabilize
the polymer structure and create specific binding sites for the template molecule.

Much effort has been directed into utilizing MIPs to extract a single component from a
variety of aqueous samples, such as ketoprofen [11,25], and abacavir [12] and tenofovir [26].
However, very few studies have been reported on aqueous solutions employing multi-
template MIPs, particularly for the simultaneous removal of ARVs and NSAIDs. Nkosi
et al. [14] and Madikizela et al. [17] presented a study on the synthesis, characterization,
and optimizations of MIPs for NSAID elimination. They reported on the detection of
ibuprofen, naproxen, and diclofenac in aqueous samples employing a multi-template MIP
as a selective adsorbent for solid-phase extraction in different investigations and had re-
coveries above 98% for each target molecule. Progress on the synthesis of templates that
can simultaneously remove drugs from different aqueous mediums is essential for their
recovery and environmental protection. While these studies have made significant contri-
butions to the field, challenges such as template leakage, polymerization heterogeneity, and
scalability limitations still exist. Recent advancements, including the development of novel
functional monomers [27,28] and the integration of advanced characterization techniques,
offer promising solutions to address these challenges and pave the way for the widespread
application of MIPs in pharmaceutical formulations and drug delivery systems.

Therefore, the objective of this paper is to synthesize a multi-template molecularly im-
printed polymer that can selectively adsorb non-steroidal inflammatory and antiretroviral
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drugs from aqueous medium. The MIPs were prepared using drugs as templates to afford
active sites on the surface for targeting specific drugs. The interaction of the templates with
the resultant polymer was evaluated using adsorption isotherms, kinetics, and selectivity.
The templates” adsorption behavior was carried out under various parameters, such as pH
value and concentration. The extraction efficiencies of the MIP and related non-imprinted
polymer (NIP) and the formation of a monolayer or multilayer adsorption medium of all
templates were assessed. The prepared templates exhibited high adsorption capacities
and selectivity for the investigated drugs. The MIP has huge potential to be employed
for the removal of these drugs from the environment as well as in drug purification or
recovery processes.

2. Experimental
2.1. Chemical Reagents

Diclofenac (DICLO) (98%), Ibuprofen (IBU) (>98%), Naproxen (NAP) (>98%), Emtric-
itabine (EMI) (98%), Tenofovir disoproxil (TENO) (>98%), Efavirenz (EFV) (>98%), 2-vinyl
pyridine (97%), Ethylene glycol dimethacrylate (98%), 1,1'-azobis-(cyclohexanecarbonitrile)
(98%), high-performance liquid chromatography (HPLC) grade acetone (>99.8%), HPLC
grade methanol (>99.8%) and toluene (99.7%), liquid chromatography (LC) grade Acetoni-
trile (99.8%), and 0.1 formic acid in water mixture were all purchased from Sigma-Aldrich,
Ltd. (Markham, ON, Canada). Figures 1 and 2 show the structural representation and
proposed mechanism of interaction of the functional monomer and the target templates,
and Table 1 depicts the physiochemical properties of these templates. The molecular weight,
solubility in water, and pKa of target molecules are important factors that can influence the
efficiency of separation in MIPs and NIPs. The molecular weight of the target molecule
affects the design of the polymer and the selection of functional monomers, while the
solubility in water and pKa values can impact the binding affinity and specificity of the
polymer. Understanding and considering these parameters can help optimize the formation
and performance of MIPs and NIPs for effective separation processes.
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Figure 1. The molecular structures of the respective templates, where NAP = naproxen,
IBU = ibuprofen, DICLO = diclofenac, EMI = emtricitabine, EFV = efavirenz, and TENO = teno-
fovir Disoproxil.
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Figure 2. Proposed mechanism of template and functional monomer interaction.

Table 1. Physiochemical properties of target pharmaceuticals [29,30].

Compounds Formula Vl\\/;:ilglcl?i;mol) xfgtfi)somblhty pKa
Emtricitabine CgH19oFN30O3S 247.25 1.12 x 106 2.65
Tenofovir disoproxil =~ Cy19H3gN501oP 287.21 13400 3.8
Naproxen C14H1403 230.26 159 4.2
Diclofenac C14H11C12N02 296.15 4.52 4.0
Ibuprofen C13H1580; 206.29 21 44
Efavirenz C14H9CIF3N02 315.68 0.093 10.2

2.2. Characterization Techniques

Ultra-high-performance liquid chromatography (UPLC) coupled with UV-VIS detec-
tion (LC-UV) and mass spectrometry (LC-MS) were used to perform the chromatographic
separation and identification of the NSAIDs and ARVs. LC-UV was performed using
an Agilent 1290 Infinity II ultra HPLC System with an Agilent poroshell 120, EC 1.9 pum,
2.1 x 100 mm, C8 reverse-phase column coupled with a binary pump G7120A and multi-
sampling system from Agilent Technologies (Waldbronn, Germany). For data collection,
the UV-VIS detector was set to 230 and 254 nm for the analysis of the templates and fur-
ther coupled with an electrospray ionization (ESI) quadrupole time of flight (TOF) mass
spectrometer (Waters Synapt G1) for further identification.

Solid state 13C CP/MAS NMR was performed on a 4.7T Bruker AVANCE III (Billerica,
MA, USA) at 200 MHz. The spectra were collected using a dual channel Bruker 7 mm
HX probe with a 4 us 1H pulse length. At room temperature, the cross-polarization
(CP) spectra were recorded with proton decoupling and a recycle delay of 2 s. The 13C
CP/MAS experiment was conducted on solid glycine and was referred to 176.4 ppm.
Cross-polarization contact time was improved to 2.0 ms. Magic-angle-spinning (MAS) was
carried out at a rate of 5000 revolutions per second (5 kHz). Infrared spectra of the NIP and
MIP were acquired on an Agilent Cary 670 Fourier-Transform infrared (FTIR) spectrometer
(Birmingham, AL, USA).

Morphological images of the polymers were obtained with a JEOL JSM-7500F (Tokyo,
Japan) field emission scanning electron microscope (SEM). Thermogravimetric analysis
(TGA) was performed with a TGA 55 from TA Instruments (San Jose, CA, USA). A plat-
inum pan loaded with ~10 mg was used. The ramp rate was 10 °C per minute from
room temperature up to 500 °C for the MIP and NIP. A Brunauer—-Emmett-Teller (BET)
instrument (Micromeritics Instruments Inc. (Norcross, GA, USA). accelerated surface area
and porosimetry System (ASAP) 2020) was used to characterize the surface area, pore size,
and pore volume of both polymers. The dry samples were loaded into a glass analysis tube.
For activation of the as-synthesized samples, the tube was heated at 120 °C under vacuum
for 26 h.
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2.3. Synthesis of Polymers

A method by Madikizela and Chimuka [31] was adopted for the synthesis of the
molecularly imprinted polymers with minor changes. MIP bulk polymerization was
carried out in two phases. In the first stage, 20 mg of 1,10-azobis-(cyclohexanecarbonitrile)
was dissolved in 50 mL of toluene, followed by 1.51 mL of ethylene glycol dimethylacrylate.
The flask was capped after being purged with nitrogen for 15 min. The reaction was then
allowed to proceed for 8 h with steady stirring in an oil bath set at 70 °C. Then, 0.33 mmol
of EMI, TENO, NAP, DICLO, IBU, and EFV, respectively, were dissolved in acetonitrile
(25 mL), then 0.25 mL 2-vinyl pyridine, 3.85 mL ethylene glycol dimethylacrylate, 60 mg
1,10-azobis-(cyclohexanecarbonitrile), and 25 mL toluene were added. These components
were transferred to the reaction product formed in the first stage. The mixture was sealed
after being purged with nitrogen for 15 min. For 30 h, the reaction was carried out in an oil
bath set at 70 °C. The resulting polymer was oven-dried to a constant mass at 60 °C.

2.4. Template Removal

The imprinted cavities of the templates were voided by performing a Soxhlet extraction
process using the dried MIP. A 10% (v/v) mixture of acetic acid in methanol in a 250 mL
flask was used to wash out the templates from the polymer. This process was repeated
multiple times until the UPLC system could no longer detect the templates in the mixture.
Furthermore, the polymer was washed with 100% pure acetonitrile to wash off the acetic
acid residue. The NIP polymer was treated and washed under the same conditions as
the MIP.

2.5. Grinding and Sieving Process of the Polymers

Both the MIP and NIP were milled and sieved into various particles using a 30-mesh
hole stainless steel sieve with 595 um holes. The particles below 595 um were collected
and used subsequently for the extraction experiments. Those above 595 um were used for
characterization.

2.6. Batch Optimizations and Adsorptions Studies

The adsorption studies for both polymers were performed at room temperature using
deionized water that had previously been spiked with 5 mg L~! emtricitabine, tenofovir,
naproxen, diclofenac, ibuprofen, and efavirenz. The purpose of this experiment was
to investigate the impact of pH (2.5-11), MIP mass (15-55 mg), and adsorption period
(10-60 min) on extraction efficiency as well as the effect of concentration range (5-50 mg
L~1). During the optimization, a single parameter was altered at a time, while the others
remained constant. The mixture was agitated at room temperature for 20 min before
being transferred to 3 mL SPE tubes, where the liquid fraction was discarded. Frits were
used below and above the polymer to prevent sorbent loss. Experimental extraction
efficiency was calculated and carried out in triplicate. Using Equation (1), the extraction
efficiency, or the amount of each ARV and NSAID removed by the MIP, was calculated
as the difference between the spiking amount (Co, mg L~') and the residual amount in
solution after extraction (Cy, mg L~1). The adsorption capacity, or the maximum amount
of each ARV and NSAID absorbed by a unit mass of MIP and NIP, was calculated using
Equation (2), where V is the volume (L) of the solution, and W represents the mass of the
polymer in (g) [32-34].

) = (Co—Cy)

Extraction efficiency (%) = x 100 1)

0
(Co - Cf)
W
For pseudo-first-order and pseudo-second-order kinetic models, Equations (3) and (4)
were used to illustrate the adsorption method. The adsorption mechanism was described

Adsorption capacity (mg-gfl) = Vv (2)
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using the model with the highest R? value, where Q, and Q; are the adsorption capac-
ity parameters (mg-g~!) at equilibrium and at time t (min), respectively. K; and K; are
the Lagergren pseudo-first-order and pseudo-second-order rate (min~!) sorption con-
stants [30,35].

K
Log(Qe — Qr) = LogQe — 5 - ©
t 1 t
Q. KaQ " Qe @

The linearized forms of the Freundlich and Langmuir isotherms were used to describe
the extent of adsorption and the isothermal analysis of the polymers, respectively, where n
denotes adsorption intensity or surface heterogeneity, C, the target molecules adsorption
capacity (mg-g~1), Ky is the Freundlich constant, g, is the compound uptake in at equi-
librium in (mg-g '), and Quqx the maximum adsorption capacity (mg-g~!), and K| the
Langmuir adsorption equilibrium constant. The intercepts and slopes of the linear plots of
Ce/Q vs. C. were used to calculate the constants K; and Qy.x (Equations (5) and (6)).

1
Logge = LogKy + ZLogCE (5)

Ce Ce 1
= _ + 6
Q Qmux Qmax XKL ( )

2.6.1. Selectivity Experiments

The selectivity of the MIP for ARVs and NSAIDs was determined in batch rebinding
experiments at room temperature using optimum conditions, which were deionized water
(pH 7.0) previously spiked with 5 mg L~ mixtures of EMI, TENO, NAP, DICLO, IBU,
and EFV, and acetaminophen (competitor). The spiked solution (10 mL) was put into a
flask with 55 mg of MIP. The resultant solution was agitated for 15 min (360 rpm) at room
temperature before being placed into a 3 mL SPE tube. Two polypropylene frits with pore
sizes of 10 pm were placed below and above the MIP to prevent sorbent loss, and the liquid
portions were discarded. Following that, the concentration of unabsorbed compounds in
the solution was assessed using LC-MS. The ARVs and NSAIDs were then competitively
absorbed from the mixture in the presence of acetaminophen. Using Equation (7), the effect
of imprinting on selectivity was estimated, where K; (mg g~!) is the distribution coefficient,
Cy is the initial solution concentration (mg L~!), C is the final solution concentration (mg
L~1), V (L) is the solution volume, and W (g) is the polymer weight. Furthermore, in the
presence of a competitor, the selectively coefficient for the binding of ARV and NSAID
compounds was estimated using Equation (8), where K is the selectivity coefficient. In
addition, the MIPs selectivity coefficient (K") was calculated as described in Equation (9).

G -C

Ky= ==V @)
_ Ky (Target) ®)
K;(Competitor)
Kvp
K = oMIP 9
Knip ©)

2.6.2. Swelling Experiments

An empty 50 mL centrifuge tube was filled with 55 mg of the polymer and 10 mL
of water. At room temperature, swelling was allowed to occur at different time intervals
ranging from 10 to 60 min. The tube’s contents were then centrifuged at 4000 rpm. Excess
solvent was discarded, and the wet polymer mass was measured. Equation (10) was used
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to compute the swelling capacity. Where M, is the mass of the wet polymer, M is the mass
of the dry polymer.

Swelling capacity = W x 100 (10)
d

3. Results and Discussion
3.1. Surface Chemistry

The solid-state '*C CP/MAS NMR spectra for the MIP and NIP are shown in Figure 3.
The baseline was adjusted, and the relevant peaks were identified between 0 and 200 ppm
spectral regions. There seemed to be no dissimilarities between the chemical shifts and
signal intensities of the polymers. This suggested that the polymer materials are chemically
the same. Resonances were observed corresponding to the various methyl groups repre-
sented by the wide peak at 23 ppm. Other methylene groups were found to correspond to
the cross-linker agent used at 47 and 65 ppm, as well as the carbonyl CO;R group observed
at 175 ppm. Given the kind of polymer synthesis and mechanism of imprinting, which
involves a considerable quantity of EGDMA and 2-VDP, these results were anticipated. All
signals could be assigned in accordance with the estimated polymer design, and the appro-
priate peaks matched the results from previous studies [30-32]. Nkosi et al. [13] reported
the same chemical shifts as those used in the process for the analysis of MIP and NIP of
NSAIDs and used the same functional monomer. At the same time, carbonyl clustering
in CO;R is clearly visible at the far end, which is consistent with what is found in the
literature [30,32].

| -CH,

-CH,-0-R

T T
100 50 0

8(13C) / ppm

Figure 3. Solid-state 13C CP/MAS NMR spectra for (a) the MIP and (b) the NIP. * Denotes sol-
vent peaks.

Figure 4 shows FTIR spectra of the synthesized and washed MIP and NIP. It can be
observed that the IR spectra of the polymers are very similar in terms of bands, positions,
and shape, which is consistent with the fact that both polymers were created using the
same monomer, cross-linker, and initiator. The interface between templates and monomer
provided variable peaks in the spectra, with MIPs exhibiting a wide OH stretching vibration
peak at 3500 cm !, the OH formed a bond that overlaps with that from the NH from the
MIP, and this peak slightly smooths out in the NIP. These peaks are associated with the
carboxylic group (COOH) of methacrylic acid. Because of the methylene group in 2-VP and
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EGDMA, the -CHj, stretching peak was also seen at 2900 cm~!. At 1700 cm !, the carbonyl
group C=0 stretching peak was seen in both MIP and NIP, which might have arisen from
the template and cross-linking molecules. Weak bands from 1600 cm~! to 1200 cm ™!,
as well as the sharp band at 1100 cm~! in the MIP spectrum, indicate the existence of
an aromatic ring from the 2-VP. All the notable peaks matched the data from previous
studies [30], where they reported the same stretchings and the presence of these functional
groups around the same wavelength.

-0.02 4 : v ' v " ' . v g

0.00

0.02 -'\\/\/—H_'
3 0.04 4 i
< ] —— VP
%‘ 0.06 - ——NIP |
5 4 ——MIP
c 0.08 -

-
0.10 < W

0.12-. > W

0.14 - N-H C=0 c-0

T T T
3000 2000 1500 1000 500

Wavelength cm &

Figure 4. FTIR spectrum of the MIP, NIP, and the functional monomer 2-vinylpyridine (2-VP).

3.2. Morphology Analysis
3.2.1. SEM

The surface morphology and particle size of both the MIP and NIP were examined
using SEM, as shown in Figure 5. The surface of the control polymer (NIP) was found to be
smoother than that of the MIP, as it did not have the target template to form the desired
cavities. Smaller pores are observed in the NIP images due to the polymerization process,
which can create minor defects that are non-binding specific to create this porosity. Other
factors, such as the solvent and cross-linking effect density, can contribute to the porosity
of the NIP, as when these solvents are being evaporated, they might leave a void. The MIP,
on the other hand, had a rough surface once the templates were removed. These rough
surfaces can be attributed to the formation of cavities during the synthesis process and
washing out of the template process; when these templates are removed, they form their
desired specific binding pores (cavities) [36,37]. A prior study found that the roughness
of MIP particles might result in a higher surface area than the control polymer [38]. As a
result, the MIP outperforms the control polymer in adsorbing analytes of interest.
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Figure 5. SEM surface morphologies: (a) NIP SEM image, with an expanded view in (c) MIP SEM
with an expanded view in (b,d).

3.2.2. Brunauer, Emmett, and Teller (BET) Analysis

BET was used to study the surface area, surface volume, and porosity of the MIP and
NIP, as tabulated in Table 2. The surface area of polymers has a considerable impact on
compound adsorption. According to the BET data shown in Table 2, the MIP had a higher
surface area, pore volume (425 m?g~'), and total area in the pore (258 m?g~!) than the
NIP with 347 and 201 m2g ! of surface area and total area in the pore, respectively. This is
consistent with the desired imprinting. With the NIP, these areas are smaller because there
were no target templates for specific binding; however, smaller cavities or voids are formed,
possibly by solvent evaporation or cross-linking density, as mentioned earlier. The same
pattern has been observed in a previous study of NSAID adsorption on similar polymers
by Madikizela et al. [39]. It was reported that the synthesized MIP and NIP surface area
were 282 and 232 m?g~!, respectively. Qwane et al. [32] reported surface area results with
the ARV drug abacavir imprinted MIP and its NIP analog of 372 m?g~! for both polymer
materials. However, the surface area and total pore volume values are significantly larger in
this study. This might be because more target compounds are used in this study that are of
different classes; therefore, a larger surface area is required to accommodate the six-target
compared to the three-target and single-target they were investigating in their studies.
Polymers with larger surface areas are more effective in adsorbing water pollutants. There
are more binding sites that are scattered in the cavity, suggesting that there is a greater
imprinting impact for the MIP compared to the NIP. Also, looking at the total pore areas
of the polymers, the MIP has a larger pore size area suggesting that there are more cavity
imprints in the MIP as opposed to the NIP.
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Table 2. BET polymer analysis.

Polymer

Surface Area
(m2g—1)

Total Pore Volume  Average Pore Diameter  Total Areain Pores = Average Particle Size
(ecm®/g) A) (m2g—1) (nm)

MIP
NIP

425
347

0.345 442 258 14.1
0.393 45.3 201 17.3

Weight (%)

3.2.3. Thermal Properties

Figure 6 shows the TGA curves of synthesized MIP and NIP. The TGA was performed
to study the thermal stability, uniformity, and binding affinity effects of the polymer
materials in case that they are subjected to high temperatures. The analysis was run over a
0-500 °C temperature range. Two disintegration peaks are observed at slightly different
temperatures for both the MIP and NIP, suggesting the collapse of the material at both
points. The initial backbone decomposition of both these polymers is observed at 275 °C
and 278 °C, respectively, as seen in Figure 6a,b, the backbone of both the washed MIP
and NIP disintegrated, resulting in a considerable weight loss of nearly 90%. A similar
polymer backbone collapse was observed at comparable temperatures of 280 °C in a study
by Nkosi et al. [13] when they synthesized the polymers under the same circumstances
utilizing the bulk polymerization process. The difference between the curves produced for
washed NIP and washed MIP is that the MIP has a second decomposition peak between
371 and 444 °C that is below 15 mass % (compared to the same peak in the NIP that
is over 30%). The discrepancy might be due to structural differences imposed during
the template removal process of the MIP; there might be residual template molecules
or template-related impurities in the MIP. These remaining molecules may interact with
the polymer, affecting its thermal stability and resulting in the observed disintegration
phases. During the imprinting process, the binding of template molecules to functional
monomers may result in chemical bonds or interactions that affect the thermal stability
of the polymer. These interactions might be missing from the NIP. It is possible that the
molecular imprinting process introduces structural heterogeneity within the MIP, leading to
varying decomposition behaviors for different portions of the polymer. Thermal breakdown
for both polymers is observed at 445 °C. These findings are consistent with those found in
the literature [11,13]. As a result, the thermal stability of these polymers was regarded as
adequate because their applications were made at ambient temperature, which revealed
slight irregularities in both materials but showed uniformity in the synthesis process of
these materials.

1.5
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80+

60 -

20

(a) | — (b) |

1.5

80 -
1.0

T
-
=]
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60 -

- 0.5

T

=)

o
Weight (%)

(9,/Bw) -1 p-wp

0.0
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3.3. Adsorption Studies
3.3.1. Effects of pH

The pH of the water solutions was adjusted to facilitate the monomer—template interac-
tion. The pH was measured in the 2.5-10 range (Figure 7). Various recoveries were observed
for the target molecules, especially for emtricitabine, tenofovir disoproxil, and naproxen.
EMI has very stable recoveries throughout the various pH mediums, with recoveries above
100%, which was different from TENO, which had low recoveries of 49, 49, 76, and 19%
across the pH range. Both of these drugs are nucleoside reverse transcriptase inhibitors
and, at a pH of 4, should be more in their neutral or protonated state, which makes the
adsorption of the material more effective. However, higher recoveries were seen for its
more negative state at more neutral conditions at pH 7 (76%). An electrostatic repulsion was
expected in a neutral state due to the type of polymer adsorption material designed; this
was not observed. A slight decrease in recoveries was observed for other compounds like
NAP, which ranged above 100% under acidic conditions to 71% under neutral conditions.
In a previous study [30], it was found that above a pH of 4, the maximum adsorption
efficiency decreased due to hydroxide ion interferences in the MIP cavities. Overall, a pH
of 7 was opted for in this study as it gave the best overall performance for the six targets.
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Figure 7. pH effects on the adsorption of ARVs and NSAIDs.

3.3.2. Effects of Polymer Mass

Batch adsorption of the MIP was conducted with polymer masses ranging from 15
to 55 mg, respectively, to find the optimum adsorption mass that will be used through-
out the experiments whilst other parameters such as sample pH (7.0), target component
concentration (5 mg-L’l), and sample volume (10 mL) remained fixed. High recoveries
were observed across all masses, with extraction efficiencies ranging from >83%. A mass of
55 mg, as shown in Figure S1, had the best results for all target compounds, as expected
from its greater mass and, thus, greater surface area. The MIP (Figure Sla) exhibited
superior extraction efficiencies when compared to the NIP (Figure S1b).

3.3.3. Effects of Initial Concentration

As illustrated in Figure S2a,b, the adsorption capacity derived using Equation (2) is
plotted as a function of the initial target molecule concentration in the range of 5 to 50 mg
L~L. The results show a linear relationship between the two for the MIP. In the case of
NIP, there is an increase in adsorption with an increase in target molecule concentration.
However, a decrease in adsorption efficiency was observed for NAP and IBU as their
concentrations reached 40 mg L~!. This decrease was not observed for the MIP because
it has the designed imprints of the template molecules. Similar trends were observed
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in other multi-template studies for MIP adsorption [12]. High adsorption capacities of
EMI and TENO, the two ARV drugs, were observed in the NIP with capacities of 49.05
and 22.85 mg-g !, respectively. This might be due to the flexibility of the non-imprinted
polymer to fit the size of these compounds with no steric hindrance. Also, as seen in
the SEM and BET results above, the NIP has non-distinct cavities with a larger total pore
volume than the MIP; hence, these two compounds with larger molecular weight have
been adsorbed more in this material (Figure 5).

3.3.4. Effects of Contact Time

The study investigated how contact time influences extraction efficiency. This was
performed by observing the efficiency over various time periods, maintaining constant
conditions: a pH of 7.0, an initial concentration of 5 mg L~!, an adsorbent weight of
55 mg, and a total sample volume of 10 mL. Extraction efficiencies greater than 96% were
achieved within 10 min of interaction time (Figure S3). In the following experiments, a
contact duration of 10 min was used to ensure the regularity of target drug absorption from
aqueous samples. Similar observations were reported in the literature [17].

3.4. Adsorption Kinetics
3.4.1. Adsorption Isotherms

Adsorption isotherms may be used to describe how much material is adsorbed as
a function of initial concentration at constant temperature, which in this case was am-
bient temperature. The linear versions of the Langmuir and Freundlich isotherms were
used to assess the adsorption data (Table 3). Based on the observed R?, the Freundlich
isotherm appears to be the best descriptor of the adsorption isotherm. The Freundlich
isotherm, characterized by its non-linear nature, suggests a heterogeneity in the binding
sites” adsorption capacity of the polymer. The preference for the Freundlich isotherm
over the Langmuir indicates that the adsorption process for both MIP and NIP surfaces
is not limited to a single monolayer. Instead, it suggests the formation of multilayers of
adsorbate molecules on the polymer surface. Moreover, the affinity of both these polymer
materials implies potential application, including but not limited to separation purification
processes. The values of 1/n for each drug provide insights into the surface characteristics,
adsorption intensity, and non-linearity in the adsorption process. These values help us
understand the adsorption behavior of each drug and its interaction with the adsorbent
surface. Two groups of drug compounds can be discerned based on similarities in their 1/n
values. Emtricitabine (1.1968) and ibuprofen (16.359) both exhibit heterogeneous surfaces,
suggesting diverse adsorption sites. However, emtricitabine demonstrates a moderate ad-
sorption intensity, implying a balanced adsorption process across different concentrations.
Conversely, the drug ibuprofen displays a low adsorption intensity, indicating less favor-
able adsorption conditions. Moreover, while emtricitabine shows moderate non-linearity
in adsorption, ibuprofen demonstrates high non-linearity, indicating a steep increase in
adsorption capacity with decreasing concentration.

Similarly, tenofovir (0.302) and diclofenac (0.7003) present highly heterogeneous sur-
faces conducive to strong adsorption at low concentrations. Despite this similarity, both
drugs exhibit a moderate adsorption intensity, suggesting favorable adsorption conditions.
Moreover, their non-linearity in adsorption is high, with a steep rise in adsorption capacity
observed as concentration decreases.

Individually, naproxen (2.487) showcases considerable surface heterogeneity, poten-
tially with varying adsorption sites. Its relatively high adsorption intensity suggests weaker
adsorption at low concentrations, while moderate non-linearity in adsorption implies a
moderate increase in adsorption capacity with decreasing concentration. In contrast,
efavirenz (1.5028) demonstrates a relatively homogeneous surface with consistent adsorp-
tion sites. The moderate adsorption intensity observed suggests a balanced adsorption
process, while moderate non-linearity in adsorption indicates a gradual increase in ad-
sorption capacity with decreasing concentration. The K; values indicate the adsorption
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behavior of the adsorbent material. For K¢ = 0.6943 and K = 0.8050, moderate adsorption
capacities are observed, suitable for efficient adsorption processes in wastewater treatment
or purification applications. Conversely, for K¢ = 5.3002 and Ky = 4.3672, significantly higher
adsorption capacities are evident, which is ideal for the thorough removal of solutes or
pollutants from solutions, such as in environmental remediation or industrial processes.
Lastly, for K¢ = 0.0389 and Ky = 0.0535, low adsorption capacities are observed, which may
find utility in applications requiring selective adsorption or trace contaminant removal.

Table 3. Adsorption Isotherms.

Pol Langmuir Isotherm (Equation (6)) Freundlich Isotherm (Equation (5))
olymer
y Compound R? Intercept 1/n Ky R?

Emtricitabine  0.6124 ~0.1977 1.1968 0.6943 0.9869
Tenofovir 0.9709 —0.7240 0.302 5.3002 0.9150

disoproxil
MIP Naproxen 0.6227 —0.0942 2.487 0.8050 0.8139
Diclofenac 0.8222 0.6402 0.7003 43672 0.9311
Tbuprofen 0.9840 —1.4099 16.359 0.0389 0.7001
Efavirenz 0.8525 ~1.2718 1.5028 0.0535 0.9313
Emtricitabine  0.8854 1.1022 0.5594 15.929 0.9951
Tenofovir 0.7598 1.0834 0.7247 12.117 0.7425

disoproxil
NIP Naproxen 0.9856 0.277 0.4303 1.8958 0.9683
Diclofenac 0.9592 0.6221 0.6456 4.1889 0.9840
Tbuprofen 0.9585 0.0919 0.4199 1.2356 0.6853
Efavirenz 0.8784 0.8577 0.7603 7.2061 0.9812

3.4.2. Kinetic Modelling

The rate of ARV and NSAID adsorption by MIP and NIP was measured as a function
of time. If second-order kinetics is used, the plot of t/Q vs. t should provide a straight
line. The values K; and Q, were computed from the intercept and slope of the linear plots
of C./Q vs. C,, respectively; the data is shown in Table 4. The kinetic modeling results
showed that the adsorption process followed pseudo-second-order kinetics as they better
obeyed a straight line. The adsorption capacities (Q.) were 0.90, 0.83, 0.06, 0.83, 0.07, and
0.13 mg-g’1 for EMI, TENO, NAP, DICLO, IBU, and EFV, respectively. These adsorption
capacities were lower in the MIP than in the NIP. For instance, tenofovir disoproxil has an
adsorption capacity of 3.58 mg-g~! in the NIP compared to 0.83 mg-g~! in the MIP. This
could be due to the flexibility of the NIP, which has a smoother surface and larger pore size
diameter than the MIP, as mentioned earlier in the paper. The pseudo-second-order kinetic
model results fit well with the Freundlich isotherm.

Table 4. Calculated results of Kinetic Models.

Pseudo-First- Pseudo-Second-Order

Ord
Polymer = Compounds reer 1
K2 (m g _
R® R® min ) Q. (mg-g~1)

Emtricitabine 0.86 1.00 2.75 0.90
Tenofovir 0.61 1.00 3.47 0.83

disoproxil
MIP Naproxen 0.50 0.90 3.19 0.06
Diclofenac 0.88 1.00 1.16 0.83
Ibuprofen 0.86 0.83 0.07 0.07

Efavirenz 0.86 1.00 2.07 0.13
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Table 4. Cont.
Pset(n)tigiust- Pseudo-Second-Order
Polymer  Compounds
K2 (m o1 _
R® R® min ) Q. (mg-g™1)

Emtricitabine 0.84 0.98 0.56 0.92
Tenofovir 0.90 1.00 0.73 3.58

disoproxil
NIP Naproxen 0.75 0.99 0.43 291
Diclofenac 0.63 1.00 0.65 3.75
Ibuprofen 0.92 0.92 0.42 0.10
Efavirenz 0.84 0.92 0.76 0.92

Swelling capacity g.g-1

1.40 1

1.20 1

1.00

0.80 o

0.60 o

0.40

0.20 o

0.00

3.5. Swelling Behaviour

Over a one-hour period, the swelling capacity (W) of the polymers was studied using
the swelling experimental data explained earlier in Section 2.6.2. Figure 8 depicts the
polymers inflating rapidly after 10 min, then decreasing as they approached equilibrium
and reaching a plateau between 50 and 60 min. The polymers reached equilibrium at 0.48
and 1.25 g-g~! NIP and MIP, respectively. The swelling might be caused by the N-group of
2-vinyl pyridine, which was employed in the polymerization. These findings suggest that
water penetrates the polymer network, reducing the osmotic pressure differential between
the solution and the polymer and thereby slowing water diffusion [33]. Furthermore, the
swelling of the MIP allows water to infiltrate into cavities, increasing interaction with the
target chemicals. The MIP’s higher swelling capacity also implies the MIP is more prone to
swelling in water than the NIP due to the specific imprints and the chemical nature of the
imprints within the MIP, which allows greater interaction with the solvent. This is one of
the desired outcomes of molecular imprinting since it gives the polymer selectivity and
recognition capabilities.

NIP
—o— MIP

10 20 30 40 50 60

Time (minutes)

Figure 8. Swelling capacity of polymer as a function of time.

3.6. Selectivity Studies

The selectivity of the MIP was determined using Equations (7)—(9). Deionized water
was spiked with 10 mg L~ of each target compound in the presence of equivalent quantities
of acetaminophen, which was utilized as a competitor in a multi-component process.
Acetaminophen is a popular analgesic drug with physicochemical properties and a size
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similar to the target compounds [40]. It co-exists with all the mentioned target compounds
in aquatic bodies. The competitor’s molecular structure is similar to the target compounds
in that they contain a carboxylic group. The hydrogen atom of the carboxylic group is
predicted to interact with the nitrogen atom of 2-vinylpyridine, which is our functional
monomet, as it should interact the same with acetaminophen. The MIP K’ values were
compared to acetaminophen to determine the effect of imprinting on selectivity. The
compounds’ binding capabilities on the MIP were found to be greater than those on the
NIP. Table 5 summarizes the compound Kp, K, and K’ values. EMI, TENO, NAP, DICLO,
IBU, and EFV have K’ values of 1.08, 1.0, 1.0, 1.0, 1.06, and 1.05, respectively, which are
graphically represented in Figure 5. In aqueous samples, the selectivity of the MIP and NIP
towards ARVs and NSAIDs in the presence of acetaminophen demonstrated that MIP has
a slightly better selectivity towards the target compounds than the NIP.

Table 5. Template selectivity data in the presence of a competitor.

Templates Ka M{PI Ka NIE K(MIP) K(NIP) K
(mg-g~1) (mg-g~1)

Emtricitabine 1.78 1.65 1.16 1.06 1.08

Tenofovir 1.78 1.77 1.44 1.44 1.00

disoproxil

Naproxen 1.77 1.76 1.14 1.14 1.00

Diclofenac 1.79 1.78 1.15 1.14 1.00

Ibuprofen 1.68 1.59 1.09 1.02 1.06

Efavirenz 1.81 1.74 117 1.12 1.05

Acetaminophen  1.56 1.55 - - -

The findings indicated that the MIP also shows significant adsorption efficiencies for
five targeted compounds in the presence of the competitor. The order of the K; values on the
selectivity of MIP was EFV > TENO > DICLO > EMI > NAP, IBU than acetaminophen, which
might imply that the imprinting cavities of the compounds were produced depending on
the interplay of shape, size, quantity of hydrogen bonding, and functionality of the template.
Some compounds are chosen over others, even in multi-template MIPs. The provided
K; values ranging from approximately 1.68 to 1.81 suggest a moderate affinity between
the target molecule and the MIPs. These results are lower than those of Nkosi et al. [30],
whose K; values ranged between 1.0 and 3.9 for bulk polymerization of NSAIDs. These
values indicate that the MIPs exhibit a consistent and reasonably strong binding capability
toward the target molecule across multiple measurements. While not exceptionally high,
these K; values signify significant and reliable binding interactions, making the MIPs
promising candidates for various applications requiring selective binding, such as chemical
sensing, separation, and purification processes. Further optimization and characterization
may be pursued to enhance the binding affinity and specificity of these MIPs for targeted
applications.

3.7. Comparative Adsorbent Data

Table 6 presents a comparative assessment of adsorbents, including sol-gel materials,
activated carbon, graphene oxide nanoplatelets, and others; bulk polymerization MIPs
stand out as a promising alternative due to their unique molecular recognition capabilities.
While sol-gel materials and certain adsorbents like activated carbon and graphene oxide
nanoplatelets exhibit high adsorption capacities, they often suffer from limitations such
as limited selectivity and susceptibility to fouling [41]. For instance, activated carbon,
despite its high adsorption capacity, lacks molecular specificity and may be prone to
fouling, reducing its efficiency over time. Similarly, graphene oxide nanoplatelets, while
offering moderate to high adsorption capacities, pose concerns regarding availability and
potential toxicity. In contrast, MIPs offer tailored molecular recognition, allowing for precise
binding to specific target molecules. This specificity ensures efficient removal from complex
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mixtures with minimal interference from other compounds. Moreover, MIPs demonstrate
stability and can be regenerated and reused multiple times without significant loss of
performance. Despite potential variations in adsorption capacities based on synthesis
conditions, the advantages of molecular specificity and recyclability position MIPs as
superior alternatives for applications requiring precise molecular recognition. Thus, MIPs
offer a promising avenue for advancements in targeted adsorption tasks, overcoming the
limitations posed by other materials.

Table 6. Comparison of the adsorption capacity and selectivity data found in pharmaceutical
pollutants with other sorbents in the literature.

Adsorption Capacity

Adsorbent (mg/g) Selectivity Reference
Sol—gel 28.38 - [42]
Raw zeolite 0.83 - [43]
Activated carbon 90.9 - [44]
Biosolid biochar 10.70 - [45]
Graphene oxide nanoplatelet 38 - [46]
MIP (NSAIDs) 1.230-1.249 1.12-2.4 [30]
MIP(ARV) 5.98 4.4 [32]
Chitosan MIP 79.41 - [47]
Bulk polymerization (MIP) 0.92-3.92 1.68-1.81 This study

4. Conclusions

A multi-template MIP was successfully synthesized via a bulk polymerization process
of ARVs and NSAIDs. The NMR and FTIR confirmed the successful cross-linking and
removal of the templates, as there was not any difference in the chemical shifts and signal
intensities. The TGA spectra revealed the two polymers have slight dissimilarities in their
structures past 300 °C; however, both polymers had the backbone collapse beginning at
274 °C, suggesting they can withstand temperature up to that point. This was found
satisfactory as the application of this material is at ambient temperatures. The SEM images
revealed that the NIP has a smoother and more regular surface than the MIP; the MIP was
more irregular and rougher due to the cavity removal and drying of the material. The
target compound adsorption by the MIP was viable at pH 7.0. High extraction efficiencies
and recoveries above 95% were observed for both the MIP and NIP in the adsorption of
the target compounds. Adsorption kinetics were best fitted in the pseudo-second-order,
which indicates that a chemisorption occurred. The selectively of the MIP compared to the
acetaminophen competitor was found to be slightly higher than the plain NIP.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app14083320/s1, Figure S1: Mass effects of (a) MIP and (b) NIP
for ARVs and NSAIDs recoveries; Figure S2: Effects of target initial concentration on the adsorption
capacity with (a) MIP and (b) NIP; Figure S3: Extraction efficiency (a) MIP and (b) NIP based on
template contact times.
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