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Article Info Abstract

Article history: Ibuprofen (IBP) is a pollutant that is widely found in aquatic environments due to
pharmaceutical waste and the metabolic results of humans who consume the
drug. These compounds can cause damage to aquatic ecosystems, genotoxicity,
and aquatic toxicity and are harmful to human health. This study aims to
selectively adsorb IBP using magnetic molecularly imprinted polymers (MMIPs)
synthesized from ibuprofen (IBP) as a template molecule, methacrylic acid (MAA)
as a functional monomer, and divinylbenzene (DVB) as a crosslinker with a mole
ratio of 1:4:20 in acetonitrile porogen solvent using a bulk polymerization
method. Fe;0, nanoparticles and MMIPs were characterized using X-ray
Diffraction (XRD), Fourier Transform Infra-Red (FTIR), and Scanning Electron
Microscope (SEM). IBP adsorption reached optimum conditions at pH 3 with a
contact time of 90 minutes and a mass of 25 mg of adsorbent. The adsorption
performance of MMIPs for IBP was evaluated by adsorption isotherms and
adsorption kinetics. Adsorption of IBP by MMIPs followed the Langmuir
adsorption isotherm model with an adsorption capacity of 227.24 mg/g. Kinetic
studies showed that the adsorption process followed a pseudo-second-order
adsorption kinetic model. MMIPs can adsorb IBP selectively even in the presence
of interfering compounds, are easily separated from the solution, and can be used
repeatedly with good adsorption ability. Hence, it is efficient and promising for
removing IBP from aqueous media.
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genotoxicity, water toxicity, and resistance to pathogenic
bacteria [5].

1. Introduction

Ibuprofen (IBP) is a pharmaceutical preparation of

an acidic nature that belongs to the class of nonsteroidal
anti-inflammatory drugs (NSAIDs), widely used to
address inflammation and as an analgesic, antipyretic,
and antirheumatic agent [1, 2]. The high consumption
rate of this compound has led to the widespread detection
of ibuprofen in the environment, originating from
various sources such as domestic and industrial
wastewater, sludge from wastewater treatment plants,
hospitals and pharmaceutical manufacturing facilities,
aquaculture, farming, and landfill sites [3]. Additionally,
wastewater treatment plants (WWTPs) have found
elevated concentrations of these drugs, originating from
human metabolic excretions resulting from the
consumption of these medications [4]. The presence of
this compound in water can pose serious problems for the
environment and human health, as it can cause

Several methods have been employed to remove IBP,
including filtration, electrocoagulation, ozonation,
photocatalysis, and adsorption [6, 7]. However, in their
application, these methods are only efficient for some
medications, the reaction time is not sufficiently short,
intermediate/oxidized products are not adequately
degraded, and the resulting oxidation by-products have
high toxicity levels that can worsen environmental and
human health impacts [3]. Adsorption is the most popular
method for removing organic contaminants such as
pharmaceuticals because it is highly effective, simple,
relatively inexpensive, and does not cause secondary
water pollution [8]. Some adsorbents used for IBP
adsorption include porous adsorbents such as clays and
minerals, activated clay, activated carbon, graphene


http://ejournal.undip.ac.id/index.php/ksa
mailto:halimahlily5@gmail.com
https://doi.org/10.14710/jksa.27.1.28-34
http://crossmark.crossref.org/dialog/?doi=10.14710/jksa.27.1.28-34&domain=pdf

Jurnal Kimia Sains dan Aplikasi 27 (1) (2024): 28—-34 29

oxides, and others [9]. However, all these adsorbents
have relatively low selectivity [10].

Molecularly imprinted polymers (MIPs) are
adsorbents known for their high selectivity and ability to
identify target compounds selectively [11]. MIPs are
synthesized through the polymerization of functional
monomers and crosslinkers in the presence of the
template molecule. The polymer creates cavities upon the
release of the template molecule, which is used to bind the
target molecules [12]. The advantages of MIPs include
high selectivity, stability, easy preparation, low cost, and
reusability [12, 13]. However, MIPs are challenging to
separate from their solution, requiring significant time.
Therefore, MIPs are modified with magnetic particles
(MMIPs) to facilitate separation using an external magnet
without requiring centrifugation or filtration, allowing
quick binding and separation [14]. Additionally, by
incorporating magnetite particles, the resulting polymer
can be nano-sized, as magnetite serves as the core,
leading to uniform shapes without grinding [15, 16].

In this study, the adsorption of IBP was conducted
using molecularly imprinted magnetic polymers (MMIPs)
synthesized from ibuprofen (IBP) as a template molecule,
methacrylic acid (MAA) as a functional monomer,
divinylbenzene (DVB) as a crosslinker, benzoyl peroxide
(BPO) as an initiator, and acetonitrile as a porogen.
Subsequently, the synthesized MMIPs were characterized
using XRD, FTIR, and SEM. The adsorption performance
of MMIPs was also evaluated using adsorption isotherm
models, adsorption kinetics, selectivity studies, and
regeneration studies.

2. Experimental

This research was conducted through several
experimental stages, starting with the synthesis of Fe;0,
nanoparticles, followed by the synthesis of magnetic
molecularly imprinted polymers (MMIPs) and their
characterization. Subsequently, MMIPs were utilized in
experiments for the adsorption of IBP, selectivity studies,
and regeneration.

2.1. Materials

The materials used were ibuprofen (Aldrich, 298%),
naproxen (Aldrich), methacrylic acid (Aldrich, 99%),
divinylbenzene (Aldrich, 80%), polyvinylpyrrolidone
(Aldrich, Mw 55,000), benzoyl peroxide (Merck 75%),
FeS0,.7H-0 (Aldrich), FeCl;.6H,0 (Aldrich), NH,OH, oleic
acid, acetonitrile (Merck, 299.9%), HPLC-grade
methanol (Merck, 299.9%), and deionized water.

2.2. Synthesis of Fe;0, Nanoparticles

Nanoparticles Fe;0, were synthesized by the
coprecipitation method [16]. A 0.5580 g of FeSO,.7H.0
and 1.1160 g of FeCl;.6H,O were dissolved in 100 mL of
deionized water and stirred until homogenous at 80°C.
Then, NH,OH was added dropwise to the mixture with
rapid stirring until a black precipitate formed (pH 9). The
solution was stirred for 15 minutes, then 2 mL of oleic acid
was added, followed by stirring for 15 minutes. The
obtained precipitate of Fe;O, nanoparticles was
separated, washed several times with deionized water and

ethanol, and then isolated from the solution using an
external magnetic field. Subsequently, the Fe;0,
nanoparticles were dried in an oven at 60°C.

2.3. Synthesis of Magnetic Molecularly Imprinted
Polymers (MMIPs)

The MMIPs were prepared using the bulk
polymerization method [15, 16]. One mmol of IBP and
4, mmol of MAA were dissolved in 10 mL of acetonitrile
and stirred to create a pre-polymerization solution. Next,
20 mmol of DVB and 1 g of Fe;0, were added to the
solution. Then, the PVP solution was added to the
pre- polymerization solution. Following that, 150 mg of
BPO was added to the solution while flowing nitrogen gas
for 5 minutes to eliminate dissolved oxygen in the
solution. Polymerization was carried out in an oil bath at
70°C with continuous stirring for 3 hours. The resulting
MMIPs precipitate was separated from the solution using
an external magnetic field and washed several times with
acetonitrile. The template molecules within the polymer
were extracted multiple times with an acetonitrile
solution. After removing the template molecules, the
MMIPs product was separated and dried in an oven at
60°C.

2./4,. Material Characterizations

The size and crystallinity of Fe;0, nanoparticles and
MMIPs were determined using X-ray diffraction (XRD
MiniFlex 300/600). The functional groups were identified
using FT-IR Prestige-21 (Shimadzu, Japan) with a KBr
pellet-type sample over the wavenumber range 4000-
450 cm™. A scanning electron microscope (JEOL JSM-
6510 LA) was used to observe the surface morphology of
materials. Adsorption analysis was done using a UV-Vis
Spectrophotometer at a wavelength of 222 nm.

2.5. Batch Adsorption Experiments

To investigate the adsorption capacity of the
polymer, the influence of experimental parameters,
namely pH (2—-8), contact time (10—150 minutes), and
adsorbent dose (10—30 mg) on the removal of IBP, were
studied in batch mode. A stock solution was prepared by
dissolving an accurate amount of IBP (99%) in a mixture
of methanol and deionized water (1:1, v/v), and a working
solution was prepared by dilution. In the adsorption
isotherm study, 25 mg of MMIPs were added to 25 mL of
IBP solution with varying initial concentrations from
£40 to 300 mg/L. The solutions were left for 90 minutes at
298 K to reach adsorption equilibrium. After 90 minutes,
MMIPs were separated from the solution using an
external magnetic field. In the adsorption kinetics study,
25 mL of a solution with an initial IBP concentration of
50 mg/L was reacted with 25 mg of the adsorbent in batch
experiments for various contact times (10—-150 minutes),
and the remaining IBP concentration in the solution was
measured using a UV-Vis spectrophotometer at 222 nm.
The percentage removal and adsorption capacity of IBP
adsorbed into MMIPs were calculated using Equations (1)
and (2).

Qo = Ci—Cov (1)

m

(Ci—Ce)
Ci

% Removal = x 100% (2)
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where qe is the adsorption capacity (mg/g), Ciis the initial
concentration of IBP (mg/L), Ce is the equilibrium
concentration of IBP (mg/L), V is the volume of solution
(L), and m is the sorbent mass (g) [17].

2.6. Selectivity Studies

The selectivity of MMIPs for IBP was tested with a
solution containing the interfering compound NPX using
two different methods. Firstly, in the adsorption of a
single solution, 25 mg of MMIPs adsorbent was added to
separate Erlenmeyer flasks, each containing 25 mL of IBP
and NPX solutions with a concentration of 50 mg/L at
PH 3. After adsorption for 90 minutes, IBP and NPX were
detected using HPLC with UV detectors at 222 nm and
232 nm, respectively. Subsequently, in the adsorption of a
binary solution, 25 mg of MMIPs were added to
Erlenmeyer flasks, each containing 25 mL of a binary
mixture of IBP and NPX solutions with concentration
ratios (50:50, 50:100, and 100:50 mg/L) at pH 3, and
reacted for 90 minutes. The supernatant was separated
from the sorbent using an external magnetic field and
analyzed with HPLC with a UV detector at 222 nm.
Samples were separated by a Cs column with a mobile
phase of 50% methanol and 50% deionized water at a
flow rate of 1 mL/minute.

2.7. Regeneration Studies

To study the regeneration performance of MMIPs for
IBP adsorption, 25 mg of MMIPs were added to a 25 mL
solution of 50 mg/L IBP, and the solution was left at 298 K
for 90 minutes. After adsorption, MMIPs were separated
using an external magnetic field, and the remaining
amount of IBP in the solution was measured with
aUV-Vis spectrophotometer at 222 nm. The MMIPs
adsorbent was washed with 25 mL of eluent (methanol:
acetonitrile = 1:1, v/v) for 12 hours.

3. Results and Discussion

Fe;0, nanoparticles and MMIPs were characterized
using XRD, FTIR, and SEM. Additionally, the adsorption
performance of MMIPs towards IBP was evaluated using
UV-Vis spectrophotometry and HPLC UV. Adsorption
isotherms were determined using the Langmuir and
Freundlich isotherm models, and adsorption kinetics
were determined using pseudo-first-order and pseudo-
second-order kinetics.

3.1. X-ray Diffraction (XRD) Characterization

The XRD patterns of Fe;0, nanoparticles and MMIPs
are presented in Figure 1. Dominant diffraction peaks
appear at 26 angles of 30.4°, 35.6°, 43.3°, 57.2°, and 63°,
corresponding to the Miller index (220), (311), (400),
(511), and (440), respectively. These peaks align with the
reference pattern for Fe;0, (COD 1010369), indicating that
the synthesized structure of Fe;0, nanoparticles is a cubic
spinel. Similar XRD patterns were obtained for MMIPs
[14], demonstrating the successful modification of MIPs
with Fe;0, nanoparticles. Furthermore, using the Debye-
Scherrer equation [18], the average crystal size of Fe;0, is
estimated to be approximately 12.81 nm.
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Figure 1. Diffractogram of Fe;0, nanoparticles and
MMIPs

3.2. Fourier Transform Infrared (FTIR)
Characterization

Fe;0, nanoparticles, MNIPs, and MMIPs were
characterized using FTIR to identify functional groups,
and the FTIR spectra are shown in Figure 2. Based on the
spectra obtained in Figure 2, there is an absorption band
at 589 cm in all three spectra, which is characteristic of
the Fe-O stretching vibration in Fe;0, nanoparticles. The
broad bands at 3380 and 3441 cm™ represent the
stretching vibrations of O-H groups from the surface of
Fe;0,, which are bound to oleic acid, and hydrogen
bonding interactions between MAA and IBP. The
absorption band at 2922 cm™ in all spectra originates
from the stretching vibration of C-H groups in oleic acid
and constituents of MMIPs and MNIPs. Peaks at 1708 and
1701 cm™ indicate the vibrations of C=0 bonds, and the
absorption band at 1107 cm™ in spectra (b) and (c) shows
the vibrations of C-O bonds from methacrylic acid and
IBP.
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Figure 2. FTIR spectra of (a) Fe;0, nanoparticles,
(b) MNIPs, and (c¢) MMIPs
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s

Figure 3. SEM images of (a) Fe;0, nanoparticles, (b) MNIPs, and (c) MMIPs

3.3. Scanning Electron Microscope (SEM)
Characterization

The morphology of Fe;0, nanoparticles, MNIPs, and
MMIPs was characterized using SEM. The SEM images are
shown in Figure 3. The characterization results indicate
that MNIPs and MMIPs have a spherical and
homogeneous shape with relatively uniform size and
specific cavities. This is due to the synthesis method,
where the polymer is modified with Fe;0, nanoparticles
acting as the core of MMIPs to produce a regular and
uniform shape. The use of Fe;0, nanoparticles in the
synthesis of MMIPs, modified in this way, results in
nanosized MMIPs, enlarging the surface area of the
adsorbent and yielding a high adsorption capacity. In
contrast, the MMIPs synthesized using the precipitation
polymerization method result in an irregular shape and
require grinding [16].

3.4. Adsorption Isotherms

The study of adsorption isotherms was conducted to
describe the interaction behavior between the adsorbate
and adsorbent. The binding and adsorption properties of
MMIPs for IBP are investigated by fitting the Langmuir
and Freundlich adsorption isotherm models, as shown in
Figure 4. The Langmuir isotherm model is described by
Equation (3), which involves monolayer and
homogeneous adsorption. This model assumes a uniform
adsorbent surface and constant adsorption energy.

Additionally, the Langmuir model assumes that each
active site on the adsorbent can only be occupied by one
molecule, and there is no interaction between adsorbed
molecules. The Freundlich model, described by Equation
(4), is an empirical equation that can be applied to
adsorption on heterogeneous surfaces and multilayer
adsorption [19]. This model introduces a heterogeneity
factor, 1/n, which characterizes surface heterogeneity
[20]. The nonlinear form of the Langmuir and Freundlich
isotherm models [19] is given by Equations (3) and (4).

_ KpGmaxCe
de="fpe (3)
1
qe = KeC" (4)

In the Equations (3) and (4), qe (mg/g) represents the
amount of IBP adsorbed at equilibrium, Ce (mg/L) is the
equilibrium concentration of IBP, K. is the Langmuir
binding constant related to adsorption energy, Qmax
(mg/g) is the maximum adsorption capacity of IBP, Kk is
the Freundlich constant related to adsorption capacity,
and 1/n is an indicator of exchange intensity or surface
heterogeneity, with a value of 1/n less than 1.0 indicating
favorable removal conditions. All constants are
determined by fitting the equations [19].

Table 1. Langmuir and Freundlich isotherm model

parameters
Langmuir Freundlich
(max KL K
R R
(mg/g) (L/mg) (L/mg) "
227.24 0.0013 0.9862 0.4131 11239 0.9747

The IBP adsorption isotherm was determined using
MMIPs at various concentrations, as shown in Figure 4,
indicating that the adsorption capacity increases with the
increase in IBP concentration. The parameters from both
isotherm models calculated based on Equations (3) and
(4) are presented in Table 1. Based on the results shown in
Figure 4, the Langmuir isotherm model provides better
results compared to the Freundlich isotherm model, as
seen from the correlation coefficient (R2) values, which
are closer to 1 for the Langmuir isotherm model. Thus, it
can be said that there is a homogeneous distribution of
binding sites on the adsorbent surface, adsorption occurs
in a monolayer, adsorbed molecules do not interact, and
adsorption is reversible.

From the Langmuir adsorption isotherm
calculations, the maximum adsorption capacity of IBP on
MMIPs is 227.24 mg/g. This result is also supported by a
study conducted by Sabin-Lépez et al. [21], where
molecularly imprinted polymers were synthesized to
adsorb various contaminants, including IBP, which also
followed the Langmuir adsorption isotherm model with
an adsorption capacity of 26.58 mg/g.

3.5. Adsorption Kinetics

The study of adsorption kinetics was conducted to
determine the adsorption rate and the equilibrium
constant of the adsorption process. In this research,
modeling of pseudo-first-order and pseudo-second-
order kinetics was performed to investigate the
mechanism of IBP adsorption onto MMIPs. The pseudo-
first-order and pseudo-second-order kinetic models are
represented by Equations (5) and (6), respectively [20].

[ . (b) 2

R'= 09862 i . R'=09747

W0 40 60 S0 100 10 140 168 180 300 20 W40 60 B0 160 120 MO 160 180 200 230

C, (mglL) €, (mg/L)

Figure 4. Non-linear fitting curve of IBP adsorption
using MMIPs to (a) Langmuir isotherm model and
(b) Freundlich isotherm model
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Table 2. Parameters of pseudo-first-order and pseudo-second-order adsorption kinetic models

Pseudo-first-order

Pseudo-second-order

(experiment (mg/ g)

Ki (min’l) (theoretical (mg/g)

R2 K> (g/mg mln) (theoretical (mg/g) R2

15.6760 0.0306 13.9418

0.9260 0.0025 15.9744 0.9903

= 0.0626x +1.5693

R’ = 09903

log (q,-9)
q

0 20 40 60 S0 100 120 140 160 0 20 40 6 80 100 120 140 160

t(min) t(min)

Figure 5. The linear fitting curve of IBP adsorption using
MMIPs to (a) pseudo-first-order kinetic model and
(b) pseudo-second-order-kinetic model

log(qe — ;) = log g, — ~= (5)

2.303

Loyt (6)

ac  k:af  qe

In Equations (5) and (6), q: represents the amount of
IBP adsorbed (mg/g) at t time (min), and k; (min-?) and k.
(g/mg/min) are the pseudo-first-order and pseudo-
second-order rate constants, respectively. Both models
can be interpreted with linear plots of log (ge-qt) vs. t and
(t/qt) vs. t, as shown in Figure 5. The rate constants k; and
k. can be obtained from the experimental data plots [20].

All the fitting parameters are presented in Table 2.
Based on Table 2, the pseudo-second-order kinetic model
has an R? value of 0.9903, indicating a better fit than the
pseudo-first-order kinetic model with an R? value of
0.9260. This suggests that the adsorption process follows
the pseudo-second-order kinetic model, which describes
the adsorption of IBP onto MMIPs, assuming the
chemisorption events of the adsorbate on the adsorbent.
The adsorption rate is controlled by a chemical
adsorption mechanism involving electron exchange
between the adsorbent and adsorbate [22]. This result is
also supported by a study conducted by Sabin-Lopez et al.
[21], where molecularly imprinted polymers were
synthesized for IBP adsorption and followed the pseudo-
second-order kinetic adsorption model.

3.6. Selectivity Studies

The selectivity studies were conducted to determine
the specific recognition ability of the MMIPs adsorbent
for IBP. The test was performed with interfering
compounds with characteristics similar to the analyte, in
this case, a chemical derivative of propionic acid, namely
NPX. Figure 6 illustrates the selectivity efficiency of
MMIPs for IBP in the presence of the interfering
compound NPX.

As depicted in Figure 6, MMIPs show a significantly
higher adsorption capacity for IBP, even in the presence
of the interfering compound in single and binary
solutions with varying concentrations. This is because the
complementary sites in the form of imprinted IBP cavities

on MMIPs provide good selectivity to recognize and bind
the target molecule. NPX is a propionic acid derivative
larger than IBP, containing two benzene rings and an
ether group. These characteristics can reduce the number
of interactions with the designed IBP-imprinted cavities
on MMIPs, causing NPX to have less effective interactions
and thus lowering the adsorption efficiency for NPX
molecules [23].

3.7. Regeneration Studies

The MMIPs adsorbent has an advantage in the
separation process from the solution after the adsorption
process because it only requires the assistance of an
external magnetic field. This is crucial for the utilization
of the adsorbent for repeated use. To assess the
regeneration ability and stability of the prepared
polymer, four cycles of adsorption-desorption
experiments were conducted using a desorption solvent
consisting of a MeOH:ACN solution mixture (1:1, v/v).
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Figure 7 shows that the MMIPs adsorbent has good
regeneration ability, with only a 15.5% decrease in
adsorption capacity after four polymer regeneration
cycles. The decrease in adsorption capacity in MMIPs can
be attributed to potential changes in the number of active
sites on the polymer surface due to washing, as indicated
by black uncoated magnetite particles during washing.
Additionally, some polymer cavities may have been filled
with target molecules and are challenging to desorb, thus
affecting subsequent adsorption processes. However, the
results of this study indicate that MMIPs have good
reusability and can be easily regenerated for further use
(23]

4. Conclusion

Magnetic molecularly imprinted polymers (MMIPs)
were synthesized using the bulk polymerization method
and characterized through XRD, FTIR, and SEM. Isotherm
adsorption studies revealed that IBP adsorption onto
MMIPs follows a monolayer adsorption mechanism on a
homogeneous surface, as described by the Langmuir
model. Kinetic studies indicated that the adsorption
process follows a pseudo-second-order kinetic equation.
In selective recognition experiments, MMIPs exhibited
better recognition and specific selectivity towards IBP,
even in the presence of interfering compounds in single
and mixed solutions. Furthermore, regeneration studies
demonstrated that MMIPs can be reused multiple times
for IBP removal without significantly decreasing
adsorption capacity.
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