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ABSTRACT

Abacavir is an antiretroviral drug (ARVD), which has been identified as a water pollutant. To find a selective adsorbent for its
extraction from water, a molecularly imprinted polymer (MIP) is proposed for its selective uptake. A 24-hour bulk polymerization
process was performed for imprinting abacavir with aliquat 336 and ethylene glycol dimethacrylate, as functional monomer and
cross-linking agent, respectively. Uptake of abacavir from 10 mL of aqueous solutions was performed with 40 mg of MIP at pH 5
within 60 min of contact time. MIP selectively adsorbed abacavir from water in the presence of other ARVDs (tenofovir disoproxil
and efavirenz). The maximum adsorption capacity obtained for abacavir was 5.98 mg g™'. The adsorption mechanism was best
described by the Freundlich isotherm and pseudo-second-order kinetic model, which were translated to multilayer coverage and
chemisorption influenced by electrostatic attractions, respectively. The extraction efficiencies achieved for abacavir in
wastewater influent, effluentand estuarine water were 67, 74 and 76 %, respectively. The synthesized MIP can be reused atleast10
consecutive times for adsorption of abacavir from polluted water without losing its extraction efficiency. This is the first study to
report the application of aliquat 336 as the functional monomer in the synthesis of MIP for selective extraction of abacavir from

water.

KEYWORDS
Abacavir, adsorption, aqueous solutions, extraction efficiency.

1. Introduction

Abacavir belongs to the class of non-nucleoside reverse tran-
scriptase inhibitors used by humans for the treatment of
retroviral infections, primarily human immunodeficiency virus
type 1.1 About 18 % of abacavir has been reported to be excreted
from humans as part of faecal matter (16 %) and urine (2 %).2
This is the main route for the transfer of abacavir from sewage
into the wastewater treatment plants (WWTPs). Due to the polar
groups present in abacavir and its water solubility (Table 1), the
drugis expected to be incompletely removed from water during
the purification process. Mostly, the effluent from the WWTPs is
discharged into the rivers and in some cases directly into the sea.
Thus far, few scientific articles that report the occurrence of
abacavir in WWTPs and surface water have been published.>-$
In South Africa, traces of abacavir have been detected, with other
antiretroviral drugs (ARVDs), in the surface water but the
concentrations were below the quantitation limits.” Higher
quantities of up to 14 ug LT were found in the WWTP influent,
while the levels of abacavir in the effluents were below the limit
of quantitation.’

Affordable analytical methods that are sensitive and selective
for abacavir routine analysis in water are not readily available.
The quantification of abacavir in water requires high perfor-
mance liquid chromatography (HPLC) analysis after a suitable
sample preparation step, such as solid-phase extraction (SPE).
SPE is a sample preparation technique that is well exploited for
the extraction and pre-concentration of pharmaceuticals in
water.? Several adsorbents, which include activated carbons,
clays, chitosan and molecularly imprinted polymers (MIPs), are
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well described in literature for the removal of pharmaceuticals in
water.1011 However, the SPE sorbents that are available commer-
cially tend to be selective to a wide range of compounds, which
could be problematic when the analysis of a single analyte is
required.

Among these adsorbents, MIPs are known for their ease of
preparation, excellent selectivity, outstanding adsorption
capabilities and re-usability.!! Therefore, MIPs which are
synthetic polymers with highly specific recognition ability for
target molecules have been evaluated for the adsorption of
organics in water and applied as selective sorbents in SPE for
various pharmaceuticals.’>* The synthetic approach of MIPs
involves the formation of a complex, between the functional
monomer and template (usually a target molecule), through
covalent or non-covalent interactions in the presence of a
cross-linking agent.!> Thereafter, the template is removed
through the exhaustive washing of the synthesized polymer.
This creates the binding sites that are complementary to the
template’s size, shape, and position of the functional groups,
and consequently allows for its selective uptake.!> Therefore, the
functional monomer plays a crucial role in molecular imprint-
ing. Two functional monomers reported in literature for the
imprinting of abacavir are acrylic acid ¢ and itaconic acid.!”

In this study, a MIP for abacavir was synthesized in the
presence of ethylene glycol dimethacrylate (EGDMA) as cross-
linking agent using aliquat 336 and toluene as the functional
monomer and porogenic solvent, respectively. Thereafter, the
synthesized MIP was evaluated for the selective removal of
abacavir from polluted water. The application of aliquat 336
as the functional monomer during molecular imprinting was
motivated by a need to perform procedures that adhere to green
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Table1 Chemical structures and physicochemical properties of abacavir, tenofovir disoproxil, efavirenz and aliquat 336 used in selective adsorption.

Compound Chemical structure Molecular weight pKa Water solubility
/g mol™ /mg mL™"
Abacavir N 286 5.06 77
[N =7
N/
HO \
oy
NH,
Tenofovir disoproxil ~N 519 413 13.14
N
4( %{NHZ
0 0 NN
)
J O_(')
AN
—d 0 P
| 0O
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|
Efavirenz OYO 316 -15 0.00855
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CI
Aliquat 336 H;C 404 — Insoluble
CH;
Cr
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HsC

Physicochemical properties obtained from the literature.”*! — Information not available.

chemistry principles. Aliquat 336 was considered as a suitable
replacement of the traditional functional monomers as it is an
ionic liquid with excellent extracting capabilities for organic'®
and inorganic materials.! In general, ionic liquids are known as
green solvents, with advantages such as excellent dissolution
ability, high thermal stability and easy recycling.?? The synthe-
sized MIP was able to adsorb abacavir selectively in wastewater
and estuarine water, also polluted with other ARVDs such as
tenofovir disoproxil and efavirenz (general properties are given
in Table 1), through electrostatic attraction.

2. Experimental

2.1. Chemicals and Reagents

Abacavir (98 %), aliquat 336 (=E98 %), 1,1-azobis-(cyclo-
hexanecarbonitrile) (98 %), EGDMA (98 %), orthophosphoric
acid (85 %), HPLC grade solvents, which included methanol
(299.9 %), acetonitrile (=99.9 %) and toluene (99.7 %)), were all
purchased from Sigma-Aldrich (Johannesburg, South Africa).
Glacial acetic acid (100 %) was purchased from Merk Chemicals
(Pty) Ltd (Johannesburg, South Africa). Tenofovir disoproxil and
efavirenz were supplied by LEAP Chem (Hangzhou, China) and
J & H Chem Co. Ltd (Hangzhou, China), and purchased through
DLD Scientific (Durban, South Africa), respectively.

2.2. Chromatographic Separation

Chromatographic separation was performed on a HPLC
system from Shimadzu Corporation (Kyoto, Japan). The HPLC
system consisted of an online mobile phase degasser unit
(Model: DGU-20A3), 20 uL sample loop, pump (Model:
LC-20AB) and UV/vis detector (Model: SPD-20A) monitoring
abacavir at 215 nm. The mobile phase used for chromatographic
analysis performed on SGE C;4 column (250 mm X 4.6 mm X
5 um) from Trajan (Milton Keynes, United Kingdom) was a
mixture of methanol and 0.05 % orthophosphoric acid in water
(pH 3) at a ratio of 60:40 v/v flowing at a rate of 1 mL min-'. The
instrument was equipped with Shimadzu LC solutions software
for data collection and processing.

2.3. Synthesis of Polymers

Synthesis of MIP was performed using a method that was
initially reported by Duan and coworkers?> and modified in our
research group for various pharmaceuticals.'? In this case, two
polymerization steps were performed at 65 °C. In the first step,
EGDMA homopolymer was synthesized by mixing 5.03 mmol of
EGDMA with 0.085 mmol of 1,1-azobis-(cyclohexanecarbo-
nitrile) (an initiator) in a 250 mL round-bottom flask containing a
magnetic stirrer followed by the addition of 50 mL toluene. The
mixture was purged with nitrogen for 15 min to remove oxygen
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and dissolved gasses, followed by sealing the flask under inert
atmosphere. Polymerization on an oil bath with constant stirring
at a rate of 300 rpm was allowed to occur at 65 °C for 8 h. This
resulted in the formation of monodispersed EGDMA homo-
polymer used as a main reactant in the following reaction step.
In the second step, 0.75 mmol of abacavir, 1.83 mmol of aliquat
336, 4.52 mmol of EGDMA and 0.085 mmol of 1,1-azobis-(cyclo-
hexanecarbonitrile) were dissolved in 50 mL of acetonitrile/
toluene (50:50 v/v). The resulting mixture was transferred into
the first reaction flask and deoxygenated by purging with
nitrogen for 15 min. Polymerization, which resulted in the
formation of the bulk polymer, was performed in the oil bath at
65 °C for 22 h. The elution of the template from the resulting
polymer was performed by washing the polymer repeatedly
with a mixture of methanol:acetic acid (9:1 v/v) until abacavir
was not detected by the HPLC system. Thereafter, the polymer
was rinsed three times with high purity methanol. A similar
procedure was followed for the synthesis and treatment of a
non-imprinted polymer (NIP) in the absence of the template
molecule, namely abacavir. Both polymers were milled on a
planetary ball mill (Retsch PM 100) from Retsch GmbH (Haan,
Germany) followed by sieving using a mechanical sieve shaker
(Retsch AS 200) from Retsch GmbH (Haan, Germany) for collec-
tion of particles that ranged from 25 to 50 um in diameter.

2.4. Characterization of Polymers

The thermal stability of both MIP and NIP was investigated
using thermogravimetric analysis (TGA)/differential scanning
calorimetry (DSC) 1 Star® system obtained from Mettler Toledo
(Columbus, USA). The polymers were heated from 25 °C to
1000 °C under nitrogen atmosphere flowing at a rate of
100 mL min-'. The heating rate was maintained at 10 °C min-1.

Further characterization was performed on Agilent VNMRS
Wide Bore 500 MHz nuclear magnetic resonance (NMR) spectro-
meter with a 1H frequency of 500 MHz and a 13C frequency of
125 MHz. A 4 mm HX Magic-angle-spinning (MAS) probe was
used to collect the NMR spectra. AMAS rate of 10 000 revolutions
per second (10 kHz) was used for both polymers. The cross-
polarization (CP) spectra were recorded at 25 °C with proton
decoupling using a recycle delay of 10 s. The CP pulse power
parameters were optimized for the Hartmann-Hahn match
using a glycine standard sample. The radio frequency fields for
the match were yCB1C = yHB1H = 55 kHz. The contact time for
cross-polarization was optimized to 2.0 ms. Finally, the spectra
for polymers were Fourier transformed, baseline corrected,
integrated and the relevant peaks marked.

Surface area, pore size and pore volume of both polymers were
characterized using a Brunauer-Emmett-Teller (BET) Micro-
meritics TriStar 3000 system from Micromeritics Instrument
Corp. (Norcross, USA).

2.5. Optimization of Adsorption Experiments

Several factors that could affect the adsorption of abacavir
from polluted aqueous solutions were optimized in batch mode.
Such parameters were sample pH, polymer amount, concentra-
tion of target compound and contact time. Only one parameter
was optimized at a time, while keeping other adsorption param-
eters constant. All experiments were conducted in triplicate (n =
3) and the average results were computed. Extraction efficiency
and adsorption capacity used to measure the extent of adsorp-
tion were calculated using Equations (1) and (2), respectively.

(Co _Ce)

o

Extraction efficiency (%) = %100 1)

Adsorption capacity (mg g™') = W

%100 @)

where Co is the initial concentration (mg L™) of abacavir before
the adsorption process, Ce is the final concentration (mg L™) of
abacavir remaining after adsorption, V is the volume of solution
(L) and W is the mass of polymer (g).

2.6. Selectivity Studies

The selectivity of MIP was tested by performing the adsorp-
tion of abacavir from water using the optimum conditions in the
presence of tenofovir disoproxil and efavirenz. This was done by
transferring 10 mL of deionized water spiked with a mixture of
abacavir, tenofovir disoproxil and efavirenz (50 ug L' of each
drug) into a vial containing 40 mg of MIP. The contents of the vial
were stirred (350 rpm) for 60 min at room temperature and trans-
ferred to 3 mL SPE tubes from Biotage (Uppsala, Sweden). Two
polypropylene frits with pore size of 10 um from Biotage
(Uppsala, Sweden) were fitted at the bottom of the cartridge and
above the MIP to safeguard against the adsorbent loss. Liquid
solution was allowed to go to waste. The adsorbed compounds
were eluted from the MIP with 4 mL mixture of methanol:acetic
acid (80:20; v:v) flowing at 0.5 mL min™! and analyzed using
HPLC.

2.7. Regeneration of Molecularly Imprinted Polymer

After each adsorption process, a MIP loaded with abacavir
from aqueous solution was regenerated by desorbing the
drug with a mixture of methanol (80 %) and acetic acid (20 %)
followed by methanol (100 %). Thereafter, the same MIP was
applied for further adsorption of abacavir from deionized water
spiked with 50 ug L1 of the drug. The optimized adsorption
conditions were applied in each case, with each experiment
conducted in triplicate. The extraction efficiency was evaluated.
These adsorption and desorption experiments were performed
repeatedly for ten consecutive times.

2.8. Adsorption of Abacavir from Polluted Water

The optimized adsorption parameters were applied in the
selective removal of abacavir from wastewater and estuarine
water. Wastewater samples (raw influent after screening for
removal of solid particles and final effluent after chlorination for
disinfection) were collected from Northern WWTP (GPS coordi-
nates: —29.795668; 30.999130) located in Durban (South Africa)
using glass bottles. Estuarine water was collected in Durban Blue
Lagoon (Umgeni estuary) (GPS coordinates: —29.811566;
31.038487), South Africa. These study sites have been previously
reported to be polluted with a wide range of pharmaceuticals
including antibiotics,?*?* non-steroidal anti-inflammatory
drugs?>2¢ and ARVDs.81427 The collected samples were
preserved by storing in a cooler box with ice during their trans-
portation into the laboratory. Upon arrival in the laboratory, the
collected samples were filtered through a 0.45 um filter paper
supplied by Membrane Solutions (Chiba-ken, Japan) and stored
at4°C. The adsorption experiments were performed within one
week. Prior to adsorption experiments, abacavir was quantified
in collected wastewater (influent and effluent) and estuarine
samples. The detected concentrations in wastewater influent,
effluent and estuarine water were 41, 24 and 22 ug L1, respec-
tively. Thereafter, the same water samples were spiked with
abacavir to achieve a final concentration of 50 ug L' of target
compound. The adsorption process was performed on 10 mL
spiked water solution over 60 min using 40 mg of MIP. After
60 min of contact (with constant stirring at 350 rpm) between
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water solution and MIP, the abacavir that remained in solution
was quantified on HPLC and the extraction efficiency was
computed.

3. Results and Discussion

3.1. Synthesis of Molecularly Imprinted Polymer

The adsorption of organic compounds using MIPs is strongly
influenced by the nature of the functional monomer used in
polymerization reaction. In this study, a MIP was synthesized
using aliquat 336 as the functional monomer. This functional
monomer was selected based on its ability to improve the green-
ness of the synthetic procedure and the end-product (MIP) as
ionic liquids are categorized as green chemicals. As shown in
Table 1, unlike the functional monomers reported in literature,
aliquat 336 does not has any functional groups in its molecular
structure. However, its permanent positive charge is expected to
be the driving force during the binding with abacavir. Other
reagents used during the synthesis of MIP are EGDMA, toluene
and 1,1-azobis-(cyclohexanecarbonitrile) which are common
chemicals applied in the preparation of MIPs for pharma-
ceuticals.?®?

3.2. Characterization of Polymers

3.2.1. Thermogravimetric Analysis

Thermal stability of the synthesized polymers was studied
using TGA. Based on results (Fig. 1), similar degradation
patterns at different temperatures were observed. However, the
MIP was observed to be more stable with its backbone collapsing
at 355 °C, than the NIP which completely degraded at 255 °C. The
differences in the degradation temperatures could be associated
to the alterations that could have taken place during the treat-
ment of polymers with organic solvents that resulted in template
elution from the MIP. Initially below 90 °C, there was a weight
loss of 2 % and 12 %, for MIP and NIF, respectively. This was
attributed to the loss of methanol that could have been trapped
in the polymers during the template removal process.3’ There-
fore, the thermal stability of these polymers were deemed to
be acceptable since their applications are performed at room
temperature.

3.2.2. Solid-state Nuclear Magnetic Resonance

The solid-state 13C CP/MAS NMR spectra for MIP and NIP
depicted in Fig. 2 shows similar chemical shifts, which is an
indication of identical structural arrangement due to similar
synthetic conditions. The resonances in solid-state are depend-
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Figure 1 Thermogravimetric analysis of MIP and NIP.
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Figure 2 Solid-state 13C CP/MAS NMR Spectra of the MIP and NIP.

ent on the local arrangement of molecules and the signals of all
polymer components can be detected.?! The strong signals
for methyl (17 ppm), methylene (45 and 61 ppm) and CO,R
(175 ppm) groups were observed. As reported in literature,'23
these signals are normal for the polymers synthesized using
large quantities of EGDMA as the cross-linking monomer. The
weak resonances observed at 53 ppm were due to aliphatic
carbon atoms from EGDMA, while those at 124 and 136 ppm
represented tertiary CH and quaternary carbon atoms, respec-
tively. The spinning sidebands were observed at 100 and
255 ppm.

3.2.3. Brunauer, Emmett and Teller Analysis

The performance of the polymers during the adsorption of
water pollutants is generally linked to their surface areas.
Polymers of higher surface areas tend to be more effective in the
adsorption of water pollutants. Both polymers synthesized in
this study had a surface area of 372 m? g-! (Table 2) which is
higher than the values reported previously by our research
group.’>33 This means the alteration of the functional monomer
without changing the synthetic approach or other reagents can
modify the surface of the polymer. BET results (Table 2) further
show that the removal of abacavir from the MIP did not alter its
surface characteristics, hence the total pore volume and diame-
ter are similar to those of the NIP. Average pore diameters for
MIP and NIP were 4.33 and 4.44 nm, respectively. These average
pore diameters are in the range of 2 to 50 nm, which means both
polymers are mesoporous, which is common for the MIP and
NIP that were synthesized for pharmaceuticals using the bulk
polymerization approach.!43+

3.3. Adsorption of Abacavir from Water: Optimization

In this study, factors that have a potential to affect the adsorp-
tion of abacavir from polluted water using the synthesized MIP
as the adsorbent were optimized. The investigated factors were
the effect of sample pH, contact time, MIP dosage amount and
the initial concentration of abacavir in aqueous solutions. The
initial concentration of abacavir in the aqueous solution was
keptat 1 mg L when the effects of sample pH, contact time and
MIP dosage amount were investigated. Although lower abacavir
concentrations are expected in the aquatic environment, high

Table 2 Brunauer, Emmett and Teller analysis of polymers.

Polymer  Surface area Total pore volume Average pore diameter
/m* g™ /em g7 /nm

MIP 372 0.403 433

NIP 372 0.413 4.44
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levels of the drug were investigated for adsorption in order
to determine the capacity of the adsorbent. In this way, the
maximum amount of abacavir that can be adsorbed by 1 g of the
adsorbent was determined. The adsorption was performed
in the entire pH range (acidic, neutral and basic) in order to
monitor the influence of structural variations that could occur in
abacavir during the changes in sample pH.

3.3.1. Effect of Sample pH

Optimization of sample pH is critical in the adsorption experi-
ments as the pH tends to alter the chemical structure of the target
molecule and the surface charge of the adsorbent. In this study,
sample pH was varied over the range of 2-10 while other experi-
mental conditions were kept constant. Results portrayed in Fig. 3
clearly show that the sample pH plays a vital role in the adsorp-
tion of abacavir from water using the synthesized polymers. The
extraction efficiencies for MIP exceeded 60 % in the pH range of 5
to 10, whereas, a sample pH of 2 was inefficient for the extraction
of abacavir from aqueous solutions. This was expected as
abacavir with pKa value of 5.06 162! is likely to get protonated
at the peripheral nitrogen (NH,) when the pH is 2 and carry a
positive charge (NH; ™). At the same time, aliquat 336 used as the
functional monomer during the synthesis of both MIP and NIP
has a permanent positive charge, which causes the electrostatic
repulsion and result in poor extraction efficiency for abacavir at
pH 2. When the sample pH is above 5, abacavir is expected to
exist as a neutral species that carries no charge. In this case (pH
=5), the electrostatic attraction between the peripheral nitrogen
of abacavir and aliquat 336 is possible, hence high extraction
efficiencies were achieved under these conditions. Furthermore,
a similar electrostatic interaction could possibly occur due to the
presence of oxygen atom in the abacavir molecule. This is
expected throughout the pH range, which explains the low
adsorption that occurred at pH 2. In subsequent experiments,
the pH of samples was adjusted to 5, as this is the pH with maxi-
mum extraction efficiency for MIP.

3.3.2. Effect of Contact Time

The effect of contact time on adsorption of abacavir from
aqueous solution was investigated by determining the extrac-
tion efficiency as a function of time. An extraction efficiency
greater than 70 % was achieved within 10 min of contact
between the adsorbents and abacavir (Fig. 4). The extraction
efficiency achieved for MIP increased gradually from 76 % in the
contact time of 10 min to 90 % in 60 min. There was no expressive
improvement in the extraction efficiency of abacavir using

100
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Figure 3 Effect of sample pH on extraction efficiency of abacavir.
Experimental details: polymer amount, abacavir concentration, sample
volume and contact time were 20 mg, 1 mg L™, 10 mL and 60 min, respec-
tively.
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Figure 4 Effect of contact time on extraction efficiency of abacavir.
Experimental details: sample pH, abacavir initial concentration,
adsorbent mass and sample volume were 5, 1 mg L™, 40 mg and 10 mL,
respectively.

NIP after the contact time of 10 min. This means the surface of
the NIP reached its saturation point within 10 min, while
MIP had additional binding sites conformation on its surface
suitable for abacavir adsorption due to the removal of template
after synthesis.

3.3.3. Effect of Dosage Amount

The amount of polymer required for efficient adsorption of
abacavir from water was investigated in the range of 10 to 50 mg.
An increase in extraction efficiency for MIP from 60 % to 92 %
was observed when the adsorbent mass was varied from 10 to
40 mg (Fig. 5). There was no major variation in extraction
efficiency when the adsorbent mass exceeded 40 mg, which
resulted in selection of 40 mg as the optimum weight. A similar
trend was observed for the NIP. This means during the increase
in adsorbent mass more binding sites in the polymer become
available and the extraction efficiency is enhanced until the
equilibrium was reached at a mass of 40 mg.

3.3.4. Effect of Abacavir Initial Concentration

The effect of abacavir initial concentration was investigated in
the range of 10 to 50 mg L-! and plotted against the adsorption
capacity computed using Equation (2) as shown in Fig. 6. Results
displayed in Fig. 6 show that the adsorption capacity increased
linearly when the abacavir concentration was varied from
10 mg L' to 30 mg L. The equilibrium was reached at 30 mg L'
with the corresponding adsorption capacities of 5.98 mg g-! and
5.35mg g~ found using MIP and NIP as adsorbents, respectively.
These results are in close agreement with the maximum adsorp-
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Figure 5 Effect of polymer mass on extraction efficiency of abacavir.
Experimental details: sample pH, abacavir concentration, sample
volume and contact time were 5, 1 mg L™, 10 mL and 60 min, respec-
tively.
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Figure 6 Effect of abacavir initial concentration on adsorption capacity.
Experimental details: sample volume, pH, adsorbent mass and contact
time were 10 mL, 5, 40 mg and 60 min, respectively.

tion capacity of 8.24 mg g-! achieved for extraction of ketoprofen
from water using a MIP prepared with similar reagents with the
exception of the template molecule and 2-vinylpyridine that was
used as the functional monomer in a previous study.?? Further-
more, this means 30 mg L-! of abacavir could saturate 40 mg of
the investigated adsorbents.

However, this could not happen in the aquatic environment as
reported in section 3.7 of this article, because low concentrations
of abacavir are expected in the environmental waters. In recent
work, the concentrations reported for abacavir in WWTPs
located around the city of Durban in South Africa did not exceed
14 ug L-18

3.4. Binding Site Characterization

3.4.1. Kinetic Modelling

In order to determine the adsorption mechanism, the kinetic
data obtained in this study was processed using pseudo-first-
order and pseudo-second-order equations indicated as (3) and
(4), respectively.

k
log(Qe Q) =10gQ. 21~ 3
t 1 1
= —t 4
Q k,Q% i Q. @

where Q, is the adsorption capacity (mg g™*) at time t (min), Q, is
the adsorption capacity at equilibrium (mg g7), k, and k,
are pseudo-first and second-order adsorption rate constants
(g mg™ min™), respectively. The suitable adsorption model was
determined based on the evaluation of the correlation coeffi-
cients (R? of the polymers. The pseudo-second-order model
was found to be the best fit (Table 3) yielding the adsorption
capacities of 4.4 and 3.7 mg g for MIP and NIB, respectively.
These results imply that chemical adsorption onto the surface of
MIP and NIP is responsible for the abatement of abacavir from
aqueous solution. The equilibrium adsorption capacity reported
for tetracycline using a MIP was 3.84 mg g™ ® Thus far, NIP gave
lower extraction efficiencies for abacavir than MIP, which subse-

Table 3 Results of the kinetic modelling.

Polymer  Pseudo-first-order Pseudo-second-order
R? R? Q. k,
/mg g™ /g mg™” min™
MIP 0.954 0.998 4.4 0.069
NIP 0.0473 0.996 37 0.37

quently resulted in lesser adsorption capacity, therefore, it was
omitted in other experiments.

3.4.2. Adsorption Isotherms

In order to acquire more insight on the nature of binding sites
present in both MIP and NIP isothermal analysis was investi-
gated using Equations (5) and (6) which represent the linearized
forms of Freundlich and Langmuir isotherms, respectively.

logQ = mlogC,, + loga. ®)
Ce _ Ce . 1
Q Qmax Qmax Ky
where Q is the amount of the adsorbed molecule at equilibrium
(mg g™), m is the adsorption intensity or surface heterogeneity,
a is a Freundlich parameter related to the binding affinity, Ce is
the equilibrium concentration of abacavir (mg L™), Qmax is the
maximum adsorption capacity of abacavir (mg g™') and K is the
Langmuir adsorption equilibrium constant.

The correlation coefficients (R?) for Freundlich isotherm were
0.964 (MIP) and 0.974 (NIP), while those found for Langmuir
isotherm were less than 0.300. This means the data were best
fitted with Freundlich isotherm, which implied a multilayer
adsorption. Similar adsorption intensities of 0.91 and 0.93 for
MIP and NIF, respectively, were observed. These values are close
to1, whichis anindication that the surfaces of both polymers are
homogeneous. By description, adsorption intensities should
vary between 0 and 1, where 1 denotes to a totally homogeneous
binding site distribution, with higher values corresponding to
more homogeneous systems.3¢

(©)

3.5. Selectivity Studies

The selectivity of MIP for abacavir was investigated by adsorb-
ing abacavir from a 10 mL water solution (pH 5) spiked with a
mixture of abacavir, tenofovir disoproxil and efavirenz at
50 ug L for each drug. All other optimum conditions (adsorbent
mass of 40 mg and contact time of 60 min) for the adsorption
process were utilized. The selected competitors (tenofovir
disoproxil and efavirenz) are both ARVDs that contain func-
tional groups such as amine groups and oxygen atoms, which
are similar to those in the abacavir molecule (Table 1). The extrac-
tion efficiency for abacavir in the presence of these competitors
was greater than 80 %, while tenofovir disoproxil and efavirenz
had the extraction efficiencies of 60 % and 29 %, respectively
(Fig. 7). This means there was a strong competition between
abacavir and tenofovir disoproxil for adsorption on a MIP.
Tenofovir disoproxil has the pKa value of 4.13!, which means it
would easily compete with abacavir (pKa 5.01) for adsorption on
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Antiretroviral drugs

Figure 7 Extraction efficiencies (MIP) of abacavir from polluted water
containing tenofovir disoproxil and efavirenz (n = 3).
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MIP, while the pKa value for efavirenzis —1.5. Despite the strong
interactions that could have occurred between the MIP and
competitors, their lower extraction efficiencies are attributed to
their molecular shapes and sizes (Table 1), which could prevent
these molecules to firmly bind into the MIP adsorption sites.
This is well explained in literature, where the adsorption of
compounds into MIPs is reported to be strongly influenced by
the functional groups present in the target molecule, molecular
shape and size.!

3.6. Reusability Studies

After adsorption of abacavir, MIP was regenerated through
washing with a mixture of methanol (80 %) and acetic acid
(20 %), which removed abacavir from the binding sites. This was
followed by proper rinsing with methanol. Thereafter, the
regenerated MIP was applied in the adsorption of abacavir from
aqueous solutions. As shown in Fig. 8, the extraction efficiency
was greater than 90 %, after ten consecutive adsorption/desorp-
tion cycles. The reusability of the synthesized MIP for the
adsorption of abacavir resemble a similar behaviour of other
MIP reported in literature for extraction of pharmaceuticals,
such as carbamazepine and clofibric acid.?” The reusability of
MIP for metformin showed a 7 % decline in its performance
within five adsorption/desorption cycles.® There was no varia-
tion in the extraction efficiency when a MIP for acetylsalicylic
acid was reused six times.?? The ability to reuse the synthesized
MIP ten times is an advantage over many other reported
adsorbents (reviewed elsewhere)?’ for removal of pharma-
ceuticals from water.

100
80 r
60

a0 |

Extraction efficiency /%

20

1 2 3 4 5 6 7 8 9 10
Adsorption/desorption cycle

Figure 8 Extraction efficiencies obtained after each regeneration cycle of
the MIP.

3.7. Adsorption of Abacavir from Contaminated Water

The detected concentrations of abacavir in wastewater influ-
ent, effluent and estuarine water were 41, 24 and 22 ug L,
respectively. These levels were adjusted by spiking the waste-
water influent, effluent and estuarine water samples to reach a
final concentration of 50 ug L-! for abacavir. This was essential as
MIPs are mostly applied as SPE sorbents where the analytes are
extracted during the percolation of water samples into the
cartridge. During the SPE sample loading, the concentration of
analytes accumulate in the sorbent thereby resulting in
pre-concentration. Therefore, in this study the concentration of
abacavir in the collected samples was adjusted prior to adsorp-
tion to account for these conditions. The optimized adsorption
conditions were applied to evaluate the uptake of abacavir from
these aqueous solution using a MIP. The removal efficiencies
achieved in wastewater influent, effluent and estuarine water

were 67, 74 and 76 %, respectively. The variations in these
removal efficiencies across different samples could be influ-
enced by the matrix effects. Wastewater influent had the lowest
removal efficiency of 67 % compared to 74 % achieved for the
effluent. This means the organic and inorganic materials that
could be present in wastewater influent competed strongly with
abacavir for adsorption on MIP. This could have resulted in the
saturation of the binding sites. Some wastewater constituents
are removed during the purification process, which results in
water of better quality in the effluent. These results mean the
MIP is able to adsorb abacavir from polluted water.

4. Conclusion

In this study, a MIP for selective extraction of abacavir from
water was synthesized using abacavir, aliquat 336, EGDMA,
toluene and 1,1-azobis-(cyclohexanecarbonitrile) as template
molecule, functional monomer, cross-linking agent, porogen
and initiator, respectively. The synthesized MIP selectively
adsorbed abacavir from aqueous solution in the presence of
tenofovir disoproxil and efavirenz. Abacavir was successfully
removed from wastewater influent, effluent and estuarine water
with extraction efficiencies reaching 67, 74 and 76 %, respec-
tively. Chemisorption through electrostatic interactions influ-
enced the uptake of abacavir from water. The synthesized MIP
can be reused up to 10 consecutive times without losing its
extraction efficiency. This study demonstrated the ability of
applying aliquat 336 as a functional monomer in the synthesis of
a selective MIP that results in the uptake of abacavir from
polluted water.
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