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Reusable molecularly imprinted  
polymeric nanospheres for diclofenac  
removal from water samples

Noha Amaly1,2,3, Georges Istamboulie1,2,  
Ahmed Y El-Moghazy1,2,3  and Thierry Noguer1,2

Abstract
The preparation of efficient molecularly imprinted polymers materials (MIPs) for pharmaceutical residue removal is 
still a challenging task. Herein, we design uniformly molecularly imprinted polymer nanospheres via a precipitation 
polymerization method using methacrylic acid (MAA) as functional monomer and N,N-methylenebis(acrylamide) (MBAA) 
as a crosslinker for removal of diclofenac (DFC) as a model for pharmaceutical pollutants. Nanospheres with average 
size 200 nm were prepared with MAA:MBAA at a ratio of 1:7 and acetonitrile/toluene (1:1) as a porogenic solvent. 
The successful synthesis is evidenced by Fourier transform infrared spectroscopy, scanning electron microscopy, and 
with a particle size analyzer. The rebinding experiments confirmed that the more introduction of the carboxyl groups 
from MAA could remarkably improve the imprinting effect with a significantly increased imprinting factor and specific 
rebinding capacity reached 450 mg/g after 15 min. Furthermore, the adsorption capacity of the molecularly imprinted 
polymers is maintained above 85% after seven regeneration cycles, indicating that the molecularly imprinted polymers 
can be used multiple times. Moreover, the developed molecularly imprinted polymers show promising DFC removal 
efficiency from real water samples, which suggests that the prepared molecularly imprinted polymer nanospheres are 
promising in DFC separation.
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Introduction

More than 80 pharmaceutical compounds have been identi-
fied in sewage effluents, surface water, groundwater, and 
food.1,2 These compounds are of great concern because of 
their potential impact even at low concentration levels, on 
human health and the environment. Diclofenac (DFC) or 
2-[2-(2,6-dichloroanilino)phenyl]acetic acid is one of the 
most important examples of non-steroidal anti-inflamma-
tory drugs (NSAIDs).3 It is widely used to reduce inflam-
mation and as analgesic in cases of arthritis or acute injury. 

Due to its extensive use, DFC is found in large quantities in 
wastewater, and is frequently detected in drinking water.4 
Wastewater treatment plants depend mainly on traditional 
removal techniques such as ozonation, UV irradiation, and 
activated carbon adsorption. However, these methods have 
been shown to be not very effective for DFC removal and 
some toxic and hazardous by-products may be formed dur-
ing the treatment processes.5 They originate mainly from 
human and veterinary usage and can be released, for exam-
ple, after passing through sewage treatment plants.6 From 
an analytical aspect, diclofenac and other pharmaceuticals 
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are conventionally determined using high-performance liq-
uid chromatography. However, solid-phase extraction is 
mandatory as a clean-up and pre-concentration technique 
prior to analysis of environmental samples. In the last two 
decades, extensive research efforts have been devoted to 
the fabrication and development of polymeric matrix as 
adsorbents or in form of molecularly imprinted polymers 
(MIPs) with specific recognition ability.7,8 MIPs can be 
considered as good alternatives to classical solid-phase 
supports, both for removal and analytic purposes.9 The 
molecular imprinting technique (MIT) involves the synthe-
sis of a polymer in the presence of a template molecule.10 
Removal of the template molecule leads to “memory” sites, 
which are able to selectively rebind the original template 
contained in a complex mixture. These tailor-made poly-
mers present the advantage of being highly selective for 
their template, they are easy to prepare and can be regener-
ated for multiple utilization, and assembling of the mono-
mer molecules around the template can be achieved by 
non-covalent interactions such as hydrogen bonds, ion 
pairs, and hydrophobic interactions, or via reversible cova-
lent interactions. The covalent approach usually provides 
better defined cavities with higher selectivity, whereas the 
non-covalent approach is more flexible and easier to apply 
because no chemical derivatization is required.6 Functional 
monomers are chosen to interact with the template mole-
cule since the formation of a stable template-monomer 
complex is fundamental for the success of molecular recog-
nition.11 Many successful methods have been developed to 
synthesize uniformly sized, spherical MIP beads such as 
suspension polymerization and emulsion polymerization.12 
Precipitation polymerization is a method of preparation of 
polymeric microspheres with sufficient control of product 
morphology, with sizes ranging between nanometer and 
micrometer range.13 The advantages of this method include 
simplicity of preparation, no requirement for stabilizers or 
other additives, compatibility with high degrees of 
crosslinking agents, and the use of polar aprotic solvents as 
porogens which are capable of preserving non-covalent 
interactions between the template and the monomer. These 
advantages have made this method widely employed for 
the preparation MIP microspheres in molecular imprint-
ing.14 Hence in this research, the MIPs are formed by pre-
cipitation polymerization using DFC as the template and 
MAA as a functional monomer. The most widely applied 
technique is the non-covalent molecular imprinting method, 
which has many advantages, such as simple preparation, 
easy removal of the template, and fast rebinding kinetics. 
MAA is a commonly used functional monomer in non-
covalent imprinting, having excellent ability to interact 
with the amine group of DFC.15 MBAA was used as a 
crosslinker to favor the formation of poly(methacrylic acid) 
(P(MAA)). The produced MIP was characterized by Fourier 
transform infrared spectroscopy (FTIR) and scanning elec-
tron microscopy (SEM), and the removal efficiency of MIP 
was evaluated. Different factors affecting the adsorption 
efficiency were studied including the nature of the porogen 
solvent as well as the crosslinker and monomer concentra-
tions. The effect of pH, DFC, and MIP dose were also 
investigated. Finally, the kinetic and isotherm behavior 

were studied for imprinted (MIP) and non-imprinted (NIP) 
polymers to predict the mechanism of adsorption process. 
The developed MIP was tested for diclofenac removal from 
different real water samples.

Results and discussion

Characterizations

FTIR analysis.  MAA was chosen as functional monomer due 
to its acid functionality that could interact with the DFC 
molecules through hydrogen bonding and acid–base inter-
action between acidic carboxylate groups and basic (–N–) 
lone pair of the DFC as illustrated in (Scheme 1). More-
over, the hydrophilic nature of the MAA helps to improve 
material wetting in water medium.16 The effective polym-
erization of the MAA with MBAA crosslinker and even 
successful DFC adsorption were confirmed by FTIR spec-
tra (Figure 1). Aforementioned, MAA forms H-bond with 
MBAA which is evidence by deformation of characteristic 
hydroxy broad band group (–O–H) of a carboxylic acid in a 
PMAA chain17 at 3500 cm−1 due to H-bond formation with 
crosslinker N–H groups.18 The appearance of new peak at 
1674 cm−1 which corresponds to C=O stretching in carbox-
amide in MBAA,19 and the peak at 1200 cm−1 for both the 
NIP and the MIP is for –C–N bond formed between MBAA 
and MAA. The appearance of characteristic peaks for DFC 
sodium salt at 1572 and 995 cm−1 for the –C=O and C–Cl 
bonds, respectively,20 indicates tethering of the DFC as a 
template in the MIP structure.

SEM.  The morphologies of the MIPs and NIPs have been 
observed by SEM. As shown in Figure 2(a) and (b), signifi-
cant differences were observed between the surfaces of NIP 
(Figure 2(a)) and MIP (Figure 2(b)). It was found that the 
MIPs and NIPs showed regular spherical particles ranging 
from 160 to 300 nm for NIP (Figure 2(a) and (c)). Their nano-
spherical shape is due to the nature of the charged MAA 
monomer that produces spherical polymer particles.21,22 This 
spherical nature increases the adsorption surface and there-
fore creates more binding sites for DFC molecules. The 

Scheme 1.  Reaction mechanism between MAA monomers 
with MBAA crosslinker and illustration of main interactions with 
DFC for MIPs preparation.
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increase in the MIP size than NIPs is due to adsorption of the 
DFC on its surface.21 The corresponding size distribution is 
displayed in (Figure 2(c) and (d)).

Effect of the porogen solvent

The porogenic solvents used during the polymerization 
method have a great impact on the formation of specific 
cavities for the template. The uptake of DFC by MIPs pre-
pared in different porogenic solvents/ratios was studied. It 
was clearly shown that the uptake efficiency increased by 

decreasing the dielectric constant of the porogenic solvent 
(dielectric constants of water, acetonitrile, chloroform, and 
toluene are, respectively, 80, 37, 4.8, and 2.3). Using an 
initial DFC concentration of 100 mg/L, MIP B (water/
MeCN, 1:1) showed only 15% DFC uptake, while MIP C 
(MeCN), MIP D (chloroform), and MIP A (toluene/MeCN, 
1:1) retained, respectively, 21%, 29%, and 38% uptake of 
DFC. Changing to toluene/MeCN, 1:3, MIP E induced 
decrease in uptake to 20% as (Figure 3) illustrated. These 
results can be explained by the difference in the polarity of 
the solvent that affects interactions with the template mol-
ecule and functional monomer. These interactions strongly 
impact on the structure of the imprinting sites in the MIP. 
Solvents with high polarity display maximum interactions 
with both DFC and MAA, thus lowering their chance to 
interact to form appropriate imprinted sites. As observed in 
the case of MIP B, the use of a solvent mixture with a high 
dielectric constant and high polarity leads to a diminution 
of interactions between DFC and MAA.23 Decreasing the 
solvent polarity as in the case of MIP A (using toluene) 
therefore leads to an increase in uptake efficiency.

Effect of the crosslinker ratio

The effect of the crosslinker ratio was studied using MIPs 
prepared from the optimized porogen solvent mixture MIP 
(A) and different ratios between monomer and crosslinker, 

Figure 1.  FTIR analysis for (a) NIP, (b) MIP before washing, 
and (c) PMAA.

Figure 2.  SEM images of PMAA-based (a) NIP, (b) MIP 7, and the diameter distributions of (c) MIP nanoparticles and (d) NIP 
nanoparticles.
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1:2 (MIP 2), 1:3 (MIP 3), 1:5 (MIP 5), and 1:7 (MIP 7). 
Figure 4 shows that there was no significant difference in 
uptake efficiency by changing the crosslinker ratio between 
2, 3, and 5; however, using a ratio of 1:7 resulted in an 
increase in the removal efficiency up to 85% from the ini-
tial DFC concentration of 100 ppm. These results can be 
explained by the increased stability of the cavities while 
increasing the degree of crosslinking, therefore enhancing 
the MIP binding capacity. High crosslinker ratios are pre-
ferred for obtaining pores with specific cavities comple-
mentary in both shape and chemical functionality even 
after removal of the template; they generally lead to materi-
als with adequate mechanical stability that do not degrade 
after short times.24 The MIPs prepared in this paper showed 
higher removal efficiencies than those based on 2-vinylpyr-
idine as the functional monomer.5

Effect of pH on MIPs capacity

To illustrate the influences of buffer pH on the adsorption 
performance of MIP 7 and MIP 2, the pH value was regu-
lated by utilizing 0.1 M NaOH and 0.1 M H3PO4 solution, 
with results displayed in Figure 5. It remains relatively 
stable with very low capacity of 20% at extremely acidic 
medium (2–4) due the hydrophobic interaction with the 
DFC, whereas the removal efficiency improved by 
increasing the pH to reach maximum at pH range of 5.5–
8. The removal efficiency reached a maximum at a pH 
range of 6–8 with around 85% removal efficiency. This is 
due to the MIP surface being negatively charged at pH > 5, 
at which the pKa for MAA is 4.6, which leads to electro-
static interactions with the DFC molecules. Also, the 
binding energy of the selectivity sites on MIP decreased in 
this pH range. The removal efficiency decreased at pH > 8 
due to repulsive interactions between negative DFC mol-
ecules at pH > 7 and MIP.5 These results suggest that the 
main interactions between DFC and MAA were related to 
hydrogen bonds or electrostatic forces.15 It was also found 
that the MIP had higher adsorption efficiency than the NIP 
over the entire pH range investigated, showing a good 
imprinting effect and adsorption performance.

Effect of contact time

Figure 6 shows the effect of contact time on the uptake 
capacity of the MIPs and NIPs fabricated using crosslinker/
monomer ratios of 1:2 and 1:7. The contact time between 
the polymer (0.5 mg/mL) and DFC (10 mL, 100 mg/L) 
was varied from 10 to 120 min. For both MIPs, it was 
found that the removal ratio increased rapidly and reached 
a plateau after 20 min. This fast adsorption rate may be 
due to the availability of a huge number of unoccupied 
binding sites on the MIPs, allowing the DFC to quickly 
reach the imprinted sites during the rebinding step. After 
20 min of contact, no significant difference in removal 
efficiency was observed, suggesting that at this stage the 
imprinted sites for DFC molecules were fully saturated 
via a faster adsorption kinetic performance with adsorp-
tion rates of 0.05 and 0.02 g/mg−1 min for MIP 7 and MIP 
2, respectively. As expected, NIPs showed very low 
uptake DFC due to the fact that uptake depends only on 
adsorption.

Figure 4.  Effect of different crosslinker ratios on DFC removal 
efficiency, with DFC initial concentration of 100 ppm and pH 7 
within 30 min adsorption time.

Figure 5.  Effect of pH on DFC removal efficiency, with contact 
time of 30 min and DFC initial concentration of 100 ppm.

Figure 3.  Effect of different co-solvent (porogen) ratio on 
DFC removal %.
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Effect of the DFC initial concentration

Figure 7 shows the amount of DFC bound to the MIPs 
and NIPs at various initial concentrations. The adsorp-
tion capacities q (mg/g) of MIP 7 were much higher than 
those of the corresponding NIP 7 for each of the different 
initial concentration values of DFC. NIP showed an 
increase in the adsorption capacity with increase in the 
DFC initial concentration due to non-specific (due to the 
absence of specific cavities in the shape and size of DFC) 
rebinding in the NIPs due to hydrogen bonds and van der 
Waals forces between the template and the residual func-
tional groups in the nanoparticles. The adsorption capac-
ity of MIPs at higher initial concentrations (300-1000 
ppm) is 2 times higher than reported previously 
(150mg/g)5 and more than 2 times data reported  (125 
mg/g) at same initial DFC concentration (300 ppm).25 
MIP 7 shows an improvement in adsorption capacities 
due to the nano size of the MIP particles, which have 
high surface area for adsorption per 1 g of MIP. Another 
reason is the hydrophilicity of MAA that increases the 
diffusion for soluble DFC into its particles. All these fac-
tors lead to a high q value that reaches up to 250 mg/g in 
the case of a 300 ppm initial concentration and 500 mg/g 
at an initial concentration 800 ppm. In this research, we 
studied the adsorption for the lowest initial concentra-
tion of 100 ppm so that it can be used in a wide range of 
applications.

Adsorption kinetics

Kinetic studies were performed to calculate the adsorption 
rate and the equilibrium constant of the DFC uptake pro-
cess. Pseudo-first-order and pseudo-second-order equa-
tions (1) and (2), respectively, based on the adsorption 
equilibrium capacity were considered:

Pseudo-first-order equation

	 q q 1
1

te
t e k1
= −






 	 (1)

Pseudo-second-order equation

	 q
k q

1+k q
tt

2 e
2

2 e

= 	 (2)

where k1 (min−1) and k2 (mg/L min) are the rate constants of 
the pseudo-second- and pseudo-first-order adsorptions, 
respectively; qt denotes the amount of DFC adsorption 
(mg/g) at time t (min); and qe denotes the amount of DFC 
adsorption (mg/g) at equilibrium.

The plot of t/q versus t should result in a straight line if 
second-order kinetics are applicable, and then, the values of 
qe and k2 can be calculated from the slope and the intercept 
of the plot, respectively. Adsorption experiments were car-
ried out with 0.5 mg/mL of MIP 2 and MIP 7 for the adsorp-
tion of 100 mg/L of DFC solution. As shown in Figure 8, the 
kinetics of the adsorption process were followed well with 
the pseudo-second-order kinetic model leading to the higher 
correlation coefficients (R2 = 0.99) and confirming that DFC 
adsorption by MIPs fabricated with different crosslinker 
ratios or different solvent mixtures follows a pseudo-sec-
ond-order reaction. The excellent straight line relation for 
pseudo-second-order kinetics gives an indication on the rate 
limiting chemisorption step,26 suggesting that adsorption 
occurs through electrostatic interactions, ion exchange, or 
H-bonding. From pseudo-second-order kinetics (Table 1), 
qe for MIP 7 was 35 mg/g, which has a higher capacity than 
MIP 2 (30 mg/g) and also has a faster adsorption rate of 
0.05 min−1. This is due to formation of more cavities, which 
shows the higher capacity in short time compared with than 
those based on lower crosslinker ratio.

Adsorption isotherms

Adsorption isotherms were studied to describe the interac-
tive behavior between the adsorbate (DFC) and the adsor-
bent (polymer). Isotherm data analysis is important for 
estimating the adsorption capacity and for describing the 
adsorbent surface properties and affinity.15 The Freundlich 
isotherm model is most frequently employed to describe 

Figure 6.  Effect of the contact time on the adsorption capacity 
at pH 7, with DFC initial concentration of 100 ppm.

Figure 7.  Effect of the initial DFC concentration on removal 
%, with 10 mg of MIPs in 20 mL of DFC at pH 7 for 30 min.
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adsorption onto heterogeneous surfaces from aqueous solu-
tion and reversible adsorption, which is not restricted to 
monolayer formations. It can be expressed in linear form by 
the following equation

Log q  log K 1 n log Ce F e= + /

where KF and 1/n are the Freundlich constants related, 
respectively, to the adsorption capacity and the adsorption 
intensity of the adsorbent. A favorable adsorption is 
expected when 1 < n < 10, which is even very favorable 
when 1/n < 1.

The Langmuir isotherm model is predicated on the pos-
tulation that the structure of the adsorbent is homogeneous, 
where all adsorption sites are similar and energetically 
equivalent. The general Langmuir equation is given as

C

q

1

q b

C

q
e

e m

e

m

= +

where Ce is the equilibrium concentration of the DFC 
(mg L−1); qe is the equilibrium adsorption capacity (mg g−1); 
b is the Langmuir adsorption constant (L mg−1); and qm is 
the maximum adsorption amount (mg g−1), which can be 
obtained from the slope and intercept of the plot of Ce/qe 
versus Ce. The applicability of each isotherm model was 
studied by judging the correlation coefficient values (Table 
2). Using the Langmuir model, the correlation coefficient 
of the obtained representations was, respectively, equal to 
0.99 and 0.30 for MIP 2 and MIP 7. The behavior of MIP 2 

appeared to fit better with the Langmuir model, revealing 
the presence of homogeneous binding sites mainly on the 
surface of MIP 2. In contrast, MIP 7 fitted more clearly 
with the Freundlich model (R2 = 0.98), showing heteroge-
neous adsorption27 that may be due to the more porous 
structure of MIP 7.

Regeneration of MIPs

The removal efficiency for MIP 7 was tested by performing 
consecutive adsorption tests, with intermediate washing 
with methanol/acetic acid (9:1, v/v). This test is crucial for 
demonstrating the possible reusability of the MIPs. It was 
shown that MIP 7 displayed a constant efficiency over 
seven adsorption–desorption cycles; the removal efficiency 
keeps 85% of the initial efficiency after seven cycles 
(Figure 9). The efficiency decreased at cycle 8 to reach 
46% in both cases. This decrease in uptake may be explained 
by progressive saturation of the MIP active sites that leads 
to the prevention of more template uptake.

Specificity of the developed MIPs

To investigate the selective efficiency, the adsorption prop-
erties of the MIP were tested by comparing DFC adsorption 
capacity with that of carbamazepine (CBZ) at the same 
concentration of 500 ppm. CBZ was selected due to its 
structure is similar to DFC at a certain extent and it also 
widely coexists with DFC in water bodies. The mixture was 
mixed with the MIPs nanoparticles for 30 min. Next, the 
compounds in both the washing and elution fractions were 
analyzed by high-performance liquid chromatography 
(HPLC). Although the binding capacity of NIP for the DFC 
is lower than CBZ, the adsorption efficiency of MIPs with 
the DFC was two times higher than the CBZ (Figure 10), 
which confirm the presence of specific imprinting sites in 
size, 3D structure, and complementary chemical bonds that 
improve the adsorption of the target molecule and reduced 
the binding of the interfering compound. CBZ was unable 
to bind as strongly as the DFC because its size cannot match 
the DFC memory cavities and its functional group position 
does not correspond to the functional groups in the cavi-
ties.28 The non-specific adsorption mechanisms could be 
due to the hydrophobic nature of the polymers. The solvent 
washing is therefore recommended to remove non-specifi-
cally bound interferences and to strengthen or leave unaf-
fected, the specifically bound substances.5

Table 1.  Constants for the pseudo-first-order and pseudo-
second-order kinetics for MIP 2 and MIP 7.

Pseudo-first-order  
kinetics

Pseudo-second-order 
kinetics

MIP 2 MIP 7 MIP 2 MIP 7

qe k1 R2 qe k1 R2 qe k2 R2 qe k2 R2

3.6 0.015 0.929 1.18 0.013 0.989 33 0.02 0.999 35 0.05 0.997

MIP: molecularly imprinted polymers.

Table 2.  The Langmuir and Freundlich constants values 
obtained for MIP 2 and MIP 7 (pH 7, 10 mg of MIP in 20 mL of 
DFC solution at 100 mg L−1, contact time of 1 h).

Langmuir Freundlich

MIP 2 MIP 7 MIP 2 MIP 7

B qm R2 B qm R2 KF N R2 KF n R2

1.2 1.6 0.99 0.05 5.5 0.34 1.5 1.25 0.85 3.9 2.5 0.98

MIP: molecularly imprinted polymers.

Figure 8.  Second-order kinetic plot for the adsorption of 
DFC by different MIPs (10 mg of MIPs in 20 mL of 100 mg/L 
DFC at pH 7).



108	 Journal of Chemical Research

Applicability of the developed MIPs

In order to evaluate the applicability of the developed 
MIPs for removal of DFC from water, simulated water 
samples from different sites were collected and spiked 
with DFC to be used as simulated real water samples. 
Water samples were collected from Lac de Villeneuve de 

la Raho (Pyrénées-Orientales, France) and the Nile River 
(Rosetta branch, Egypt). The water samples were first 
analyzed by high-performance liquid chromatography–
mass spectrometry (HPLC-MS) for confirming the 
absence of DFC. Water samples were spiked with various 
DFC concentrations of 50, 100, and 150 ppm. The experi-
ments were run using 0.5 mg/mL of MIP 7 for 15 min for 
removal of initial DFC concentrations from 20 mL of the 
sample. Each measurement was carried out in triplicate. 
Table 3 shows the obtained results for each sample after 
the removal process. The developed MIPs’ efficiency 
improved by initial DFC increase, recording about 83% 
removal from the different water samples with an initial 
concentration of 150 ppm. The performance of the devel-
oped MIPs for DFC removal from the real sample was 
very good, and there was no significant difference in the 
removal efficiency compared with that when using dis-
tilled water.

Conclusion

Precipitation polymerization was successfully employed 
for generating molecularly imprinted polymeric micro-
spheres specific for diclofenac. A significant difference in 
uptake capacity was observed between NIP and MIP, which 
can be explained by the formation of specific cavities and 
chemical bonds by self-assembling of monomers around a 
DFC template. The presence of such cavities was clearly 
evidenced by SEM, and the formation of specific bonds 
between the monomer and DFC was evidenced by FTIR 
analysis. The efficiency of MIP was shown to be strongly 
affected by the crosslinker/MAA (monomer) ratio and by 
the nature of the porogenic solvent. It was shown that the 
use of a less polar solvent (MeCN/toluene, 1:1) and a 
crosslinker/monomer ratio higher than 1:5 resulted in high 
adsorption capacity, reaching 82% of removal of DFC even 
after seven regeneration cycles. The optimized MIPs 
described in this paper showed high differences in the 
removal efficiency between MIPs and NIPs, reaching more 
than 75%. Furthermore, the developed MIPs were success-
fully used for the removal of DFC from simulated real 
water samples collected from different sources (France and 
Egypt). Finally, the regeneration and short time needed to 
remove more than 80% of DFC suggests that the prepared 
MIP can be applied in applications for high-efficiency DFC 
removal.

Figure 9.  MIP 7 adsorption efficiency for DFC after various 
regeneration cycles by 10 mg MIP 7 in 20 mL DFC at pH 7 for 
30 min.

Figure 10.  Adsorption performance during 30 min via NIP and 
MIP toward DFC and CBZ at pH 7.

Table 3.  Removal efficiency of MIP 7 various water samples spiked with 50, 100, or 150 ppm of DFC.

Initial DFC 
concentration 
(ppm)

Distilled water Lake Raho sample Nile river sample

Concentration 
removed (ppm)

Removal % Concentration 
removed (ppm)

Removal % Concentration 
removed (ppm)

Removal %

50 37.5 75 36 72.2 35.5 71
100 80 80 80 80 79.4 79.4
150 127.5 85 124.5 83 125.8 83.9

MIP: molecularly imprinted polymers.
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Experimental

Materials

Methacrylic acid (MAA) monomer, N,N-methylenebis 
(acrylamide) (MBAA), potassium persulfate (KPS), and 
diclofenac sodium salt (DFC) were purchased from Fluka 
(Switzerland). Solvents and co-solvents—toluene, acetoni-
trile, chloroform, and ethanol—were purchased from 
Sigma Aldrich (Germany) and were analytical reagent 
grade. These reagents were used without any further 
purification.

Preparation of MIPs and NIPs

The MIP was prepared via precipitation polymerization, in 
which 0.79 mmol (250 mg) template molecule DFC dis-
persed with the functional monomer MAA (5 mmol) in 
20 mL of acetonitrile (MeCN) in a round bottom flask. 
Subsequently, the crosslinker MBAA (10 mmol) was added 
to monomer mixture and stirred over 30 min. After adding 
of the radical initiator KPS (0.01 mmol), the reaction mix-
ture was degassed with a gentle flow of N2 for 5 min, sealed 
under N2 and placed in a silicon oil bath at 70 °C for 4 h to 
carry out the polymerization process. The resulting poly-
mer was precipitated by acetone, and the obtained white 
polymer particles were collected by centrifuge at 15,000 r/
min for 15 min, dried at 70 °C and grounded to crush any 
coagulated particles. Finally, the template and the non-
polymerized compounds were extracted simply by washing 
the polymer powders with methanol/acetic acid solution 
(9:1, v/v), and this procedure was repeated three times. 
Then, the polymer was dried overnight at 55 °C. The cor-
responding non-imprinted polymer prepared with the same 
procedure just in the absence of the DFC molecule. The 
optimum MIPs particle size and removal efficiency were 
obtained by different MAA:MBAA ratio ranges from 1:2 to 
1:7 for various co-solvents (toluene, chloroform, water, or 
acetonitrile) with different ratios as illustrated in Table 4 for 
template removal.

The presence/absence of DFC in washing solvent was 
estimated after each run by UV analysis at 275 nm using 
DFC calibration curve starting from 25 to 1100 ppm 
concentration.

Characterization

MIPs and NIPs were characterized by FTIR using a 
Shimadzu FTIR-8400S (Shimadzu, Japan). SEM was per-
formed using a Joel JSM 6360LA SEM (JEOL, Japan) 
instrument by placing samples on a metal stub and coating 
with gold using an ion sputter under vacuum to measure 
particle size by submicron particle size analyzer (Beckman 
Coulter, USA). The NIP and MIP nanoparticles were dis-
persed in water using a vortex for 5 min to be sure that all 
the particles had been dispersed, at a temperature 20 °C.

Adsorption studies

The effects of pH and contact time were examined. 
Solutions of 0.1 N hydrochloric acid (HCl) or 0.1 N sodium 

hydroxide (NaOH) were used for adjusting the pH value 
from 2 to 12. MIP (0.5 mg/mL) was added to a DFC initial 
concentration of 100 ppm dissolved in distilled water, and 
the contact time between MIP and DFC was varied from 10 
to 120 min. The concentration of DFC after adsorption was 
determined via detecting the absorbance intensity changes 
of the solutions at 275 nm by UV−Vis spectrophotometry 
(Evolution 600, Thermo), using a quartz cell with a length 
of 1 cm, and pure distilled water as the blank sample.

Kinetic studies

Kinetic studies of DFC adsorption allowed evaluation of 
the adsorption rate and equilibrium constant for the DFC 
uptake process. The binding efficiency of the synthesized 
MIPs was measured as a function of time. Adsorption 
kinetics were established using 0.5 mg/mL of MIP and a 
100 ppm DFC initial concentration in a 1:1 toluene:MECN 
co-solvent/10 mL mixture. The residual DFC concentration 
was measured at different times until equilibrium, which 
was reached after 120 min. The DFC uptake at different 
times, defined as the adsorption capacity qe (mg/g), was 
calculated using equation (3)

	 q  C  C  V me t= ( )−0 / 	 (3)

where C0 is the initial DFC concentration (ppm), Ct is the 
DFC concentration at equilibrium (ppm), V is the volume 
of the solution (L), and m (g) is the mass of MIP.

Isotherm studies

Studies of the adsorption equilibrium isotherm are useful 
for determining the mechanism of DFC uptake. The uptake 
capacity of 10 mg of MIPs was thus tested using various 
initial concentrations of DFC (16, 20, 32, 40, 50, 60, 80, 
and 160 ppm) in distilled water at pH 7 for a contact time of 
120 min, and the residual DFC concentration was deter-
mined, allowing the calculation of data for the Freundlich 
and Langmuir isotherms.

Regeneration of MIPs

10 mg of MIPs were mixed with 20 mL of a DFC solution 
with an initial concentration of 100 ppm. The MIPs were 

Table 4.  The co-solvent and monomer/crosslinker ratio for 
MIP synthesis.

MIP name Co-solvent MAA/MBAA

B Water:MeCN 1:1 1:7
C MeCN 1:7
D Chloroform 1:7
A Toluene/MeCN (1:1) 1:7
E Toluene/MeCN (1:3) 1:7
2 Toluene/MeCN (1:1) 1:2
3 Toluene/MeCN (1:1) 1:3
5 Toluene/MeCN (1:1) 1:5
7 Toluene/MeCN (1:1) 1:7

MIP: molecularly imprinted polymers.
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washed with methanol/acetic acid (9:1, v/v) until the tem-
plate could not be detected in the filtrate. The MIPs were 
then washed with methanol, vacuum-dried, and reused until 
unsatisfactory DFC removal was obtained.

Applicability of MIPs

Under the optimum conditions, the application of the devel-
oped MIPs for the removal of diclofenac from the real sam-
ples was investigated with simulated water samples from 
different sources, which were spiked with known concen-
trations of diclofenac.
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