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In the present study new molecularly imprinted adsorbents based on poly(methacrylic acid) and poly(acrylic

acid) have been synthesized, characterized and evaluated as selective materials for the adsorption of diuron.

Morphological, textural data and the presence of functional groups in the polymer have been evaluated by

means of SEM, nitrogen adsorption–desorption assays and FT-IR, respectively. Two functional monomers were

evaluated for the MIP synthesis, methacrylic acid (MIPMAA) and acrylic acid (MIPAA), and the first one showed

higher selectivity and better adsorption towards diuron in the presence of competitor molecules, carbofuran

and 2,4-D. The experimental adsorption isotherm of diuron has been obtained at pH 7.0 in phosphate buffer

(0.05 mol L−1):acetonitrile (1:2, v/v) medium and equilibrium time of 180 min. The respective maximum ad-

sorption capacities (MAC) of MIPMAA and MIPAA were found to be 14.58 and 7.32 mg g−1. One should note

thatMAC ofMIPAA and its respective blank polymer (NIPAA) was very similar to each other, while for theMIPMAA

its MAC was significantly higher (14.58 mg g−1) than the MAC of NIPMAA (6.12 mg g−1). Such result demon-

strates the great influence of monomer on the adsorption and selectivity of MIP. Adsorption kinetic data were

well fitted to pseudo-first-order and intraparticle diffusion models, while the adsorption isotherms showed

good fit to the isotherm of Langmuir–Freundlich for two sites (LF-2) and one site (LF-1), but the former one

allowed insight into the adsorption mechanism with more details.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Diuron is a herbicide, which belongs to the class of phenylurea
and has been widely used to control weeds in a variety of crops,
such as sugarcane, coffee, alfalfa, rice, soybean, potato and cotton
[1,2]. Although diuron has not been considered highly hydrophilic
and highly toxic to fish and aquatic organisms, it possesses high tox-
icity to plants and has been classified as a pesticide of great potential
for human health [3,4]. The human exposure to diuron can cause ir-
ritation to mucous membrane, skin and eyes and in the bloodstream
interacts with hemoglobin forming metahemoglobin causing loss of
consciousness and abnormalities in liver and spleen [5,6]. Due to
persistence in the environment and mobility of diuron, it has been
found as a contaminant in both surface and groundwater. Further-
more, once degraded into four major metabolites including N′-(3,4-

dichlorophenyl)-N-methylurea (DCPMU), 3,4-dichlorophenylurea
(DCPU), 3,4-dichloroaniline (DCA) and N′-(3-chlorophenyl)-N-
methylurea (mCPMU) the concern to human health persists, once
these metabolites are likewise pollutants with regard to diuron [4].
Therefore, monitoring studies regarding the detection/adsorption
of diuron from natural water samples is of paramount importance
to avoid human exposure to drinking water. For these reasons, the
maximum allowed levels of diuron in drinking water established
by the European Community (EC) and Environmental Protection
Agency (EPA) have been 0.5 and 10.0 μg L−1, respectively [7–9]. Sev-
eral adsorbent materials for adsorption of diuron from aqueous me-
dium have been reported, such as, activated carbon [10], surfactant-
modified clay [11], natural soil [12], natural adsorbent (seeds of
fruit) [13], carbon nanotubes [14], and hypercrosslinked polymers
[15]. In general, these materials have promoted great differences
on adsorption capacity ranging 0.012–45 mg g−1, with better ad-
sorption for the carbonaceous materials. In spite of the most of
these materials presenting good adsorption their selectivity is limit-
ed. In this sense, adsorbents prepared through chemical imprinting
technology have widely been known in the field of separation
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science with outstanding performance for improving the adsorption
process at solid/solution interfaces and selectivity of different pollut-
ants [16,17]. When the target analyte is a molecule, the adsorbent is
named as molecularly imprinted polymer (MIP) and its synthesis in-
volves arranging of monomers around a template molecule forming
a complex with subsequent copolymerization of a cross-linking
agent through covalent or noncovalent bonds. Removal of template
leaves back selectivity cavities whose shape, size and arrangement
of functional groups correspond to that of the template molecule
[18]. Although considerable progresses have been achieved, the use
of phenylurea herbicide-selective polymer prepared through
chemical imprinting technology ion in the field of separation science
is in its infancy [19]. The application of MIP for the adsorption of
phenylurea herbicides has been described only for isoproturon
(3-(4-isopropylphenyl)-1,1-dimethylurea), linuron (3-(3–4,-
dichlorophenyl-1-methoxy-1-methylurea) and fenuron (1,1-di-
methyl-3-pheynylurea) by using N-(4-isopropylphenyl)-N′-
butyleneurea as a dummy template or 2-(trifluoromethyl)-acrylic
acid as functional monomer [20–22].

Therefore, the aim of this work was to synthesize molecularly
imprinted polymers for the selective recognition of diuron in binding
assays. For this task, two inexpensive and common monomers
(methacrylic acid or acrylic acid) were employed in the MIP synthesis.
In order to check the efficiency of molecularly imprinted polymers
(MIPMA andMIPAA) towards selective adsorption of diuron, competitive
adsorption studies, kinetic and isothermal assays using the non-
imprinted polymers were carried out by batch technique. The polymers
were also characterized by Fourier transform infrared spectra (FT-IR),
scanning electron microscopy (SEM) and nitrogen adsorption–desorp-
tion assays.

2. Experimental

2.1. Apparatus

The concentrations of diuron were measured by high performance
liquid chromatographmodel 20A (Shimadzu®, Tokyo, Japan) equipped

with a diode array detector SPD-20A operated at 225 nm, an automatic
sampler and a degasser DGU-20A5. The stationary phase constituted of
reverse phase Pack CLC-ODS column (C18). All the samples analyzed
by chromatographic system were filtered through a 0.45 μm Nylon®
membrane daily. The mobile phase consisted of acetonitrile (ACN) and
H2O (75:30 v/v) operated under isocratic model. The morphology of
the molecularly imprinted polymers and non-imprinted polymers was
evaluated by scanning electron microscopy (SEM), using a JEOL® JSM-
7500F microscope (Tokyo, Japan). The samples were initially dispersed
in double-sided tape coated with a thin gold layer using a Bal-Tec SDC
SputternCoatter equipment (New York, USA) prior to analysis. The in-
frared spectrawere recorded in anobtained in a Fourier transform infra-
red spectrophotometermodel GX PerkinElmer® Spectrum (New Jersey,
USA) in the 4000–400 cm−1 region with a resolution of 4 cm−1, by
means of using the KBr pellet conventional method. The specific surface
area was determined from adsorption isotherms according to the
Brunauer–Emmett-Teller (BET)method, while the average pore diame-
ter and average pore volume were estimated by the Barrett–Joyner-
Halenda (BJH) method based on nitrogen adsorption experiments
using a Micromeritics® GEMINI-VII surface area analyzer (Norcross,
USA). A Metrohm® pH 827 lab digital pH meter (Herisau, Switzerland)
was used for pH measurements. The batch rebinding assays were per-
formed in a rotary mixer operated at 30 rpm (Phoenix, Brazil).

2.2. Reagents and solutions

All reagents used were of analytical grade or HPLC all solutionswere
prepared in deionizedwater fromaMilli-Q (Direct-0.3) purification sys-
tem (resistivity ≥18 MΩ, 25 °C). The monomers (methacrylic acid and
acrylic acid), initiator 2,2′-azobis-isobutyronitrile (AIBN), cross-linking
reagent trimethylolpropanetrimethacrylate (TRIM), diuron, carbofuran,
acetonitrile (ACN), andmethanol (MeOH)were purchased from Sigma-
Aldrich® (Steinheim, Germany) and used without further purification.
Sodium hydroxide, acetic acid, hydrochloric acid and sodium
dihydrogen phosphate were purchased from Synth® (Diadema,
Brazil). Working standard solutions of diuron at 2.1 × 10−5 mol L−1

Fig. 1. Schematic illustration of imprinting process of the MIPMA for diuron and interaction with selective binding sites.
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concentration were prepared dissolving 0.5 mg in this compound in
100 mL deionized water.

2.3. Molecularly imprinted polymer syntheses

The synthesis of molecularly imprinted poly(methacrylic acid-
trimethylolpropanetrimethacrylate) (MIPMA) and molecularly
imprinted poly(acrylic acid-trimethylolpropanetrimethacrylate)
(MIPAA), as well as its respective blank polymers (NIP) were per-
formed through bulk polymerization technique in accordance with
previous synthesis with minor modifications [23,24]. For this task,
firstly 1.0 × 10−4 mol of diuron (template) was dissolved in 6.0 mL
of porogenic solvent (acetonitrile) in a 30 mL thick-walled glass
tube. Next, 4 × 10−4 mol of monomer (methacrylic acid or acrylic
acid), 2 × 10−3 mol of TRIM and 6.1 × 10−5 mol of AIBN (radical ini-
tiator) were added to the mixture. The glass tube was purged with
nitrogen for 8 min and after this step, it was sealed with parafilm.
The polymerization was carried out at 60 °C in a water bath for a
period of 24 h. After polymerization, the glass tube was crushed,
and the polymer was mechanically ground in a mortar, sieved
and subjected to several washings in a volume of 100.0 mL
methanol:acetic acid (9:1, v/v) in Soxhlet system for a period of
72 h in order to assure the total extraction of the analyte, which
was monitored by high performance liquid chromatography
(HPLC) [25]. The control polymers (NIP) were prepared in similar
procedure as MIP, except by the addition of the template. The sche-
matic illustration of imprinting process of the MIPMA for diuron and
interaction with selective binding sites are depicted in Fig. 1.

2.4. Adsorption kinetics

In order to determine the influence of contact timeon the adsorption
of diuron onto polymers as well to understand the adsorption mecha-
nism and the rate-controlling steps, a set of batch experiments were
carried out. Aliquots (5.0mL) of diuron standard at 100mg L−1 concen-
tration prepared in 0.05mol L−1 phosphate:acetonitrile (1:2, v/v) were
mixed with 30.0 mg of MIP or NIP in a screw capped glass flask and
stirred in a rotarymixer operated at 30 rpm. The stirring timewas eval-
uated from 10 up to 240 min and after each time, the supernatant was
taken, filtered through a 0.45 μm Nylon® membrane and analyzed by
HPLC. The content of diuron adsorbed onto the MIP and NIP was deter-
mined according to Eq. (1).

Q t ¼
Cinitial−Cfinalð ÞV

m
ð1Þ

where Cinitial and Cfinal are the initial and final concentrations of diuron,
respectively (mg L−1), determined by HPLC; V is the volume of solution
(L); and m is the mass of the polymer (g). To the experimental
kinetic adsorption data, different adsorption kinetic models were
applied as follows: pseudo-first-order, pseudo-second order, Elovich
and intraparticle diffusion [26]. Thesemodels provide a valuable insight
into the controlling mechanism of the adsorption process.

2.5. Adsorption isotherm

Adsorption isotherms were built to achieve the maximum adsorp-
tion capacities (MAC) of polymers towards diuron, as well as to obtain
a better insight into the distribution of diuron between the liquid and
solid phases under equilibrium condition. A set of experiments were
performed by stirring 30.0 mg of MIP or NIP in a screw capped glass
flask in a rotary mixer operated at 30 rpm in the presence of 5.0 mL of
increasing concentration of diuron (10.0–180.0 mg L−1) prepared in

0.05 mol L−1 phosphate:acetonitrile medium (1:2, v/v) at pH 7.0 for
180min. After stirring time, the supernatantwas taken, filtered through
a 0.45 μm Nylon® membrane and analyzed by HPLC and the adsorbed
amount of diuron at equilibrium under a wide diuron concentration
was calculated by following Eq. (2):

Qe ¼
Cinitial−Cequilibrium

� �

V

m
ð2Þ

where Cinitial and Cequilibrium are the initial and equilibrium concentra-
tions of diuron, respectively (mg L−1), determined byHPLC; V is the vol-
ume of solution (L); and m is the mass of the polymer (g). The
experiments of isotherm adsorption were carried out in triplicate. The
data were fitted to non-linear models Langmuir, Freundlich,
Langmuir–Freundlich for one site, Langmuir–Freundlich for two sites
and Temkin [27–29].

2.6. Selectivity for binding of diuron

In order to evaluate the molecular imprinting effect created in the
polymers, a set of experiments involving competitive adsorption of diu-
ron with other herbicides by theMIP was compared to the correspond-
ing NIP. Under equilibrium time binding experiments (180min), 30mg
of MIP or NIP were stirred with ternary solutions of diuron/carbofuran/
2,4-D prepared in phosphate:acetonitrile medium (1:2, v/v) at pH 7.0.
Different concentrations of herbicides were tested: 10, 25, 50, 75 and
100 mg L−1. From the competitive adsorption of ternary solutions, the
distribution constant (Kd) was calculated by the following (Eqs. (3),
(4) and (5)) [30].

Kd ¼
Cinitial−Cequilibrium

� �

Cequilibrium

V

M
; ð3Þ

where Cinitial and Cequilibrium are the initial and equilibrium concentra-
tions of diuron and other herbicides (mg L−1), V is the solution volume

Fig. 2. FT-IR spectra of MIPMA and NIPMA.

Table 1

Textural data obtained for polymers (MIP and NIP).

Polymers Surface area (cm2

g−1)

Average pore volume

(cm3 g−1)

Average pore diameter

(nm)

MIPMA 861 0.67 6.3

NIPMA 834 0.31 4.3

MIPAA 275 0.10 5.2

NIPAA 250 0.06 3.7

MA = methacrylic acid, AA = acrylic acid.
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(L), and M is the polymer (MIP and NIP) mass (mg). Selectivity coeffi-
cients for diuron relative to competitor herbicides are defined as in
Eqs. (4) and (5).

kMIP ¼
Kd diuronð Þ

Kd CHð Þ
ð4Þ

kNIP ¼
Kd diuronð Þ

Kd CHð Þ
ð5Þ

where Kd and Kd(CH) are distribution constant of diuron and competi-
tor herbicides, respectively. From Eqs. (4) and (5) and using
10 mg L−1 of herbicides, the relative selectivity coefficient K′ was de-
fined as in Eq. (6).

k0 ¼
kMIP

kNIP
ð6Þ

Fig. 3. SEM images of MIPMA (a) and NIPMA (b).

29A. Wong et al. / Reactive and Functional Polymers 100 (2016) 26–36



3. Results and discussion

3.1. Textural data of polymers

Table 1 presents the results of nitrogen adsorption isotherms for the
polymers. All the polymers are mesoporous showing average pore di-
ameter in the range of 2–50 nm [31]. It was observed that the obtained
surface areas of polymers synthesized with methacrylic acid as a func-
tional monomer were higher than the ones achieved for acrylic acid,
thus showing the influence of functional monomers on the textural
data. This difference can be ascribed to solubility of methacrylic and
acrylic acids in the porogenic solvent (acetonitrile). It is well known
that acrylic acid is more polar than methacrylic acid, as well as the ace-
tonitrile is more polar than the methacrylic acid. Therefore, it is plausi-
ble to infer a higher solubility of acrylic acid in acetonitrile when
compared to methacrylic acid, and as a consequence, the removal of

solvent from the interstices of polymer becomes more difficult, which
justifies the reduced porosity of MIP synthesized with acrylic acid. The
lowest interaction of methacrylic acid with acetonitrile may result in
higher interactionwith templatemolecule, thus creatingmore selective
binding sites during polymer synthesis as will be further demonstrated
in rebinding assays. One should note still that pore volume and average
pore diameter for the MIPs were always higher than the corresponding
control polymers, which clearly makes possible to identify the effect of
template molecule on the porosity of polymers. On the other hand,
the surface area values betweenMIPMA andNIPMAwere not substantial-
ly different from each other, thus suggesting that surface area was not a
criterion used to ensure selectivity. Based on the best textural data
achieved for MIPMA, further characterization by FT-IR and SEM images
were performed only for this polymer and its corresponding non-
imprinted polymer.

3.2. FT-IR spectra of MIPMA and NIPMA

Fig. 2 shows the similarity of FT-IR spectra of MIP and NIP washed,
showing that all diuron was removed from the MIP in an extraction
step. Signals belonging to structure of polymer with the O–H stretching
vibration of MAA at 3425 cm−1 were found. The band at 2960 is attrib-
uted to C–H asymmetric stretching of –CH2– and –CH3– in the polymer
chain and EGDMA. The intense signal at 1721 cm−1 corresponds to the
C_O stretching vibration of MAA and EGDMA and the lower intensity
signal observed at 1657 cm−1 is attributed to OH deformation (water
adsorbed) [32]. The band at 1385 cm−1 is assigned to angular out-of-
plane deformation of the methyl groups, while the absorption band at
1145 cm−1 can be assigned to O–C(O)–C stretching vibration of
EGDMA [28].

3.3. SEM images of MIPMA and NIPMA

Scanning electron micrographs of the MIP and NIP with magnifica-
tion of 50.000 times are shown in Fig. 3. It is seen that themorphological
characteristics of polymers are very similar to each other with a rough-
ness surface, which might be concluded that the presence of template

Fig. 5. Adsorption kinetic of diuron onto MIPMA (a, b) and NIPMA (c, d) and plots of theoretical kinetic models.

Fig. 4. Influence of stirring time on the diuron adsorption onto MIPMA, NIPMA, MIPAA and

NIPAA.
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molecule in the synthesis of polymer does not influence themorpholog-
ical characteristics of particles. These results corroborate the results
achieved from the textural data (Table 1), where the templatemolecule
does not exert influence on surface area, but, on the other hand, pro-
motes increases on average pore diameter and pore volume.

3.4. Optimization of adsorption parameters

In order to find the best conditions of diuron extraction ontoMIPMAA

the effect of pH (4–9), adsorbent mass (10–35 mg), solvent (H2O,
MeOH:0.05 mol L−1 phosphate, 0.05 mol L−1 phosphate:acetonitrile,
acetonitrile, MeOH) and proportion (v/v) (1:1, 1:2 1:3, 1:4, 1:5 and
pure solvent) were investigated in a set of batch experiments stirring
the polymer with diuron solution for 180 min. The results of these ex-
periments indicated that by increasing the pH, the extraction of diuron
was increased and the optimum pH was found to be 7.0. Under the pH

range studied (4–9) the diuron is in its molecular form once its pKa is
13.55. Therefore, it is plausible to infer that diuron interacts withmono-
mer residues of methacrylic acid (pKa= 4.66) [33] by means of hydro-
gen bonding or dipole–dipole forces. Higher adsorption of diuron onto
MIPMAA occurred in 0.05 mol L−1 phosphate:acetonitrile (1:2, v/v) me-
dium, thus indicating clearly the effect of porogenic solvent on the ad-
sorptive properties of MIP. The best MIP mass in the batch assays was
found to be 35mg. Based on the achieved results the followingoptimum
condition of diuron extraction on the MIPMAA was chosen: pH 7.0,
0.05 mol L−1 phosphate:acetonitrile (1:2, v/v) as solvent and MIP
mass of 35 mg.

3.5. Adsorption kinetics

The adsorption kinetic studies demonstrated that the adsorption
equilibrium is reached in 180 min for MIPMAA, NIPMAA and MIPAA with

Table 2

Kinetic parameters for the adsorption of diuron onto polymers. Qexp = 12.23 mg g−1 for MIPMAA, 5.25 mg g−1 for NIPMAA, 5.98 mg g−1 for MIPAA and 3.67 mg g−1 for NIPAA.

Pseudo first-order Pseudo second-order Elovich Intraparticle diffusion

Qt=Qe(1−e−kt) Q t ¼
kQe

2 t
1þkQ e t

Q t ¼
2:3
β

; logð1þαβtÞ Qt=kidt
1/2+Ci

Polymers k1 Qe R2 RMSE k2 Qe R2 RMSE β α R2 RMSE Kid Ci R2 RMSE

MIPMAA 0.02 12.3 0.99 0.37 0.01 15.3 0.98 0.61 0.58 0.4 0.96 0.91 1.69 3.61 0.99 0.06

0.72 2.89 0.98 0.63

NIPMAA 0.02 5.56 0.96 0.41 0.01 6.77 0.93 0.52 0.24 0.25 0.89 0.67 1.19 3.19 0.99 0.07

0.61 0.04 0.99 0.09

MIPAA 0.03 5.97 0.96 0.40 0.01 7.15 0.93 0.56 0.58 0.31 0.87 0.76 1.12 2.69 0.99 0.22

0.19 3.44 0.99 0.07

NIPAA 0.03 3.72 0.94 0.34 0.01 4.34 0.89 0.46 0.93 0.19 0.82 0.58 0.82 2.18 0.99 0.18

0.29 0.77 0.99 0.11

k1: It is constant for pseudo-first-order of sorption process (min−1); Qe: It is the adsorption capacity in the equilibrium (mg g−1); RMSE: It is the root-mean-square deviation; k2: It is

constant for pseudo-second-order of sorption process (g mg−1 min−1); β: It associated with the surface coverage extension and the activation energy of chemisorption (g mg−1); α:

is the initial sorption rate constant (min−1 mg g−1); Kid: is the coefficient of diffusion internal (mg g−1 min−1/2); and Ci: is a constant related to the thickness of the boundary layer

(mg g−1).

Fig. 6. Adsorption kinetic of diuron onto MIPAA (a, b) and NIPAA (c, d) and plots of theoretical kinetic models.
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experimental adsorption capacity (Qe) of 12.30, 5.27 and 5.99 mg g−1,
respectively (Fig. 4). The NIPAA presented equilibrium time of 120 min
with adsorptive capacity of 3.89mg g−1. The higher adsorptive capacity
of the MIPs compared to the respective NIPs can be attributed to the
high affinity of diuron by selective cavities, while adsorption onto the
NIP occurs only in non-selective sites. For interpretation of kinetic ex-
perimental data the non-linear pseudo first-order [34], non-linear pseu-
do second-order [35], non-linear Elovich [36] and intraparticle diffusion
[37]models were evaluated, whose fit are shown in Figs. 5 and 6 for the
polymers synthesized with methacrylic acid and acrylic acid, respec-
tively. The corresponding results were tabulated in Table 2. The validity
of the models was checked by the determination coefficients (R2), sim-
ilarity of Qe experimental with those values predicted by themodels, as

well as by means of root-mean-square deviation (RMSD) defined by
Eq. (7).

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

q exp−qp

� �2
s

n−1
ð7Þ

where qexp (mg g−1) and qp (mg g−1) are the respective experimental
and predicted adsorption capacity by models. It was found that pseudo
first-order and intraparticle diffusion models satisfactory described the
kinetic adsorption as compared to the other models. The pseudo first-
order model assumes that the adsorption occurs at energetically homo-
geneous sites in the material, possibly attributed to carboxyl of
methacrylic acid and acrylic acid monomers. Moreover, this model de-
scribes that the rate of adsorption is proportional to the number of un-
occupied sites and does not assume that the rate-limiting step may be
chemisorption, as described by pseudo second-order [34], thus showing
a strong evidence that interactions of diuron with binding sites of poly-
mers takes place by means of intermolecular forces such as hydrogen
bonding or dipole–dipole forces, but not by chemisorption. The experi-
mental kinetic adsorption cannot be considered as pseudo second-order
although the determination coefficients were slightly high, once the Qe
predicted by this model was different from the experimental data. Fur-
thermore, the worst fitting of pseudo second-order model corroborates
theworstfitting of Elovichmodel, once thesemodels are complementa-
ry and assume that the adsorption occurs onto sites energetically het-
erogeneous in the adsorbent [38]. The intraparticle diffusion model
may present three linear plots qt versus t1/2. If intraparticle diffusion
mechanism is the sole rate limiting step in the adsorption process the
plot passes through the origin. On the other hand, if plot does not pass
through the origin, the linear coefficient from the intraparticle diffusion
model (Ci) gives an idea of the boundary layer thickness (mg g−1). The

Fig. 8. Adsorption isotherm of diuron onto MIPMA (a), NIPMA (b), MIPAA (c) and NIPAA (d) and plots of theoretical isotherm models.

Fig. 7. Adsorption isotherm of diuron onto MIPMA, NIPMA, MIPAA and NIPAA.
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second linear segment refers to the progressive adsorption inside the
material by intraparticle diffusion and the third segment is the step
where the equilibrium between solid phase and liquid phase is reached.
As observed in Figs. 5 and 6 and Table 2, the values of the boundary layer
thickness in intraparticle diffusion model different from zero indicates
that adsorption of diuron onto the polymers takes place both by instant
adsorption on the external surface governed bymass transfer in the ex-
ternal liquid film and by pore diffusion [32,39,40]. It is worth emphasiz-
ing that molecularly imprinted polymers have shown higher boundary
layer thickness than the non-imprinted polymers, which indicates a
larger number of binding sites on the external surface of the sorbent,
thus favoring the diuron adsorption through external liquid film.

3.6. Adsorption isotherm

The Langmuir isothermmodel has been well applied to experimen-
tal isotherms and admits that the adsorbent surface is uniform; there is
no interaction between the adsorbate molecules and the adsorption oc-
curs in monolayer on the surface of the adsorbent. The non-linear Lang-
muir equation is described by Eq. (8), whereQeq is the adsorbed amount
of adsorbate per mass of adsorbent (mg g−1), K is the Langmuir con-
stant related to the rate of adsorption, b is the MAC of the material
and Ce is the equilibrium concentration of adsorbate (mg L−1) [41].

Qeq ¼ KbCeq= 1þ KCeq

� �

: ð8Þ

The Freundlich isotherm has been used to describe adsorptive pro-
cesses occurring in heterogeneous surfaces on which adsorption occurs
in multilayer. The non-linear Freundlich equation is shown by Eq. (9),

where K and n are constant related to the adsorption capacity
(L mg−1) and the intensity of adsorption, respectively [42].

Qeq ¼ KCeq
1=n: ð9Þ

The Temkin isotherm takes into account the interaction between ad-
sorbate–adsorbent. According to this model the heat of adsorption de-
creases linearly with the coverage due to interactions between the
adsorbate and adsorbent. The equation of the Temkin isotherm is
shown in Eq. (10), where R is the universal gas constant, T is the abso-
lute temperature of solution (K), bT is the Temkin constant related the

Fig. 9. Chemical structure of pesticides analyzed in the selectivity test. (a) Diuron,

(c) carbofuran, and (d) 2,4-D.

Table 3

Isotherm parameters for the adsorption of diuron onto polymers. Qexp=14.58mg g−1 for

MIPMAA, 6.12 mg g−1 for NIPMAA, 7.32 mg g−1 for MIPAA and 5.17 mg g−1 for NIPAA.

Polymers

MIPMAA NIPMAA MIPAA NIPMAA

Non-linear Langmuir Qeq=KbCeq/(1+KCeq)

K 0.05 0.02 0.02 0.01

b 18.31 8.36 10.58 8.21

R2 0.9949 0.9969 0.9699 0.9696

RMSE 0.37 0.11 0.46 0.32

Non-linear Freundlich Qeq ¼ KCeq
1=n

K 2.33 0.59 0.67 0.31

n 2.33 2.05 1.96 1.73

R2 0.9416 0.9649 0.9077 0.9341

RMSE 1.26 0.38 0.81 0.47

Langmuir–Freundlich for one site Qeq=b(KCeq)
n1/1+(KCeq)

n

K 0.06 0.02 0.04 0.02

b 16.81 7.77 7.85 5.65

n 1.17 1.11 1.75 1.71

R2 0.9971 0.9976 0.9969 0.9858

RMSE 0.30 0.11 0.16 0.23

Langmuir–Freundlich for two sites Qeq ¼
b1ðK1CeqÞ

n1

1þðK1CeqÞ
n1
þ

b2ðK2CeqÞ
n2

1þðK2CeqÞ
n2

K1 0.04 0.02 0.01 4.4 × 10−3

K2 0.12 27.36 0.04 0.03

b1 7.21 6.71 0.54 8.86

b2 8.41 0.53 7.07 1.64

n1 2.14 1.34 84.66 0.86

n2 1.01 0.24 1.97 13.33

R2 0.9989 0.9983 0.9985 0.9963

RMSE 0.24 0.12 0.15 0.16

Temkin Qeq ¼ RT
bT

; lnðKtCeÞ

Kt 0.67 0.18 0.18 0.15

bT 0.68* 1.42* 1.00* 1.47*

R2 0.9728 0.9842 0.9728 0.9472

RMSE 0.86 0.26 0.35 0.40

In the Langmuir, Freundlich and Langmuir–Freundlich equations: K (Langmuir), K1,2

(Langmuir–Freundlich) (L g−1), K (Freundlich) (mg g−1) (L g−1)— adsorbate–adsorbent

affinities, b, b1,2 — maximum adsorption capacities (mg g−1), and n, n1,2 — intensities or

degrees of favorability for adsorption. *b: It is the Temkin constant related to heat of

sorption (kJ mol−1).
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adsorption heat (kJ mol−1) and Kt is the Temkin isotherm constant
(g L−1) [43].

Qeq ¼
RT

bT
ln KtCeð Þ: ð10Þ

The isotherm of Langmuir–Freundlich for one site (Eq. (11)), which
is also known as Sip's equation, is suitable to describe both the
Langmuir-type and Freundlich-type. This isotherm also allows one to
evaluate the presence of heterogeneous and homogeneous binding
sites based on index n, which can vary from 0 to 1. When index n is

close to 1, the material is homogeneous and when it is less than 1 the
material is heterogeneous. Despite being very useful this model does
not consider the availability of two-adsorption sites with different affin-
ities towards adsorbate.

Qeq ¼ b KCeq

� �n1=1þ KCeq

� �n
: ð11Þ

The isothermof Langmuir–Freundlich for two sites (Eq. (12)) admits
the presence of heterogeneous solid surface and describes adsorption
binding interactions among adsorbing compounds considering adsorp-
tion sites with different affinities. In this model the adsorbate adsorbs
mostly in the most energetic sites when these sites are fully populated
followed by adsorption in the less energetic sites [44].

Qeq ¼
b1 K1Ceq

� �n1

1þ K1Ceq

� �n1
þ

b2 K2Ceq

� �n2

1þ K2Ceq

� �n2
: ð12Þ

The experimental adsorption isotherms of MIPMAA, NIPMAA, MIPAA
and NIPAA are shown in Fig. 7. It can be observed that the MIPs had
higher adsorptivemaximum capacities when compared to their respec-
tive NIPs. This finding indicates that the differences on the diuron ad-
sorption by MIP and NIP are not attributed to morphological features
of polymers once the obtained data were very similar to each other as
already demonstrated (Table 1), but mostly due to the presence of se-
lective adsorptive sites present in the MIP. The MAC of MIPMAA

(14.58 mg g−1) was found to be 2-fold higher when compared to the
MIPAA, thus suggesting higher interaction energy between methacrylic
acid and diuron. As the experimentalMAC obtained forMIPMAA is higher
or similar to that observed for other adsorbents from different sources,
such as natural adsorbent [13], carbon nanotubes [14], activated carbon
[10] and surfactant-modified clay [14] it should be admitted that syn-
thesized polymer has satisfactory adsorptive performance.

The experimental data points compared to theoretical isotherms are
displayed in Fig. 8. Among the fitted models both Langmuir–Freundlich
for one site (LF-1) and Langmuir–Freundlich for two sites (LF-2)
showed the best fit to the experimental data for all polymers. The
good fit of these models can be rationalized on the basis of the lowest
values of RMSE, satisfactory values of determination coefficients (R2)
and similarity of Qe experimental with those values predicted by the
models (b for LF-1 and the sum b1 + b2 for LF-2) (Table 3). However,
as already mentioned, although LF-1 has shown good fit to the experi-
mental data, it fails in describing the existence of two-adsorption sites
with different affinities towards adsorbate. Therefore, more detailed in-
sight into the adsorption mechanism can be taken into account. For the
MIPMAA, the amount adsorbed of diuron on the two sites is very similar
(7.21 and 8.41 mg g−1) and the difference between the parameters K1

and K2 are rather low (0.04 and 0.12 L g−1) compared to the other poly-
mers. This finding makes possible to infer that binding sites ascribed to
methacrylic acid distributed through polymeric network show similar
affinity towards diuron adsorption, thus denoting an energetically ho-
mogeneous surface. Such result corroborates the adsorption kinetic de-
scribed by pseudo first-order model and may explain the higher
adsorption diuron onto MIPMAA compared to other polymers due to
very low presence of non-selective binding sites in this polymer. On

Table 4

Selectivity parameters for the competitive adsorption (diuron/carbofuran/2,4-D) on the MIPMA and NIPMA.

Polymers Kd(Lg
‐1) kMIP ¼ KdðdiuronÞ

KdðCHÞ

kNIP ¼ KdðdiuronÞ
Kd ðCHÞ

k0 ¼ kMIP

kNIP

Diuron Carbofuran 2,4-D Carbofuran 2,4-D Carbofuran 2,4-D

MIP 1332 123 83 11 16 3.0 5.5

NIP 319 88 111 3.6 2.9

Initial concentration of herbicides used in the assay was 10 mg L−1.

Fig. 10. Distribution coefficients (Kd) obtained for diuron, carbofuran and 2,4-D on the

MIPMA (a) and MIPAA (b) in ternary mixture.
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the other hand, for the NIPMAA a greater value between the K1

(0.02 L g−1) and K2 (27.36 L g−1) corresponds to a higher value be-
tween the b1 (6.71 mg g−1) and b2 (0.53 mg g−1), which indicates
that more diuron was adsorbed on the lower-affinity sites (b1 =
6.71 mg g−1 and K1 = 0.02 L g−1) onto the non-imprinted polymer.
For the MIPAA, as expected, the higher diuron adsorption
(7.07 mg g−1) takes place on the higher-affinity sites, very likely on
the selective binding sites. However, the K2 value is rather low, demon-
strating a low-energy character for these adsorption sites,which can ex-
plain the lower adsorption of diuron onto MIPAA compared to MIPMAA.
As regards the NIPAA, a similar behavior to the NIPMAA was observed,
i.e., the adsorption of diuron occurs on the lower-affinity sites (b1 =
8.86 mg g−1 and K1 = 4.4 × 10−3 L g−1) owing to the absence of im-
printing sites in this polymer.

3.7. Selectivity for binding of diuron

The selectivity of MIPMA and MIPAA towards adsorption of diuron
was evaluated in the presence of two herbicides (carbofuran and 2,4-
D), which have very similar structure to diuron (Fig. 9). This study is a
primary concern index to estimate MIP performance. Fig. 10 depicts
the obtained Kd values to the polymers, where it is possible to observe
that the distribution constants of diuron on theMIPMA in awide concen-
tration range were much higher than the ones achieved for the MIPAA,
thereby demonstrating that acrylic acid monomer has, as already ob-
served from kinetic and isotherm data, low affinity towards diuron. Ad-
ditionally, under competitive adsorption, MIPMA was not able to
satisfactory adsorb compounds with very similar structural molecule
to diuron, being a strong indication of presence of selective binding
site for the diuron. From the initial evaluation of rebindingdiuron assays
byMIPMA, the resultswere compared to the ones achieved byNIPMA and
the selective coefficients (k) and relative selectivity coefficient (k′)were
determined as summarized in Table 4. As can be seen, MIP had higher
selective coefficients for the diuron/carbofuran and diuron/2,4-D sys-
tems than that for the NIP, thus giving rise to relative selectivity coeffi-
cient (k′) higher than one unit. Therefore, the selectivity of MIP was 3.0
and 5.5 times higher thanNIP for the diuron/carbofuran anddiuron/2,4-
D systems, which is very likely owing to the formation of more binding
sites that match with diuron molecule in the molecularly imprinted
polymer. Therefore, the MIPMA had an excellent selectivity for diuron
even in the presence of structurally similar molecules.

4. Conclusion

In this study we have synthesized diuron-molecule imprinted poly-
mers using two types of monomers (methacrylic and acrylic acid). The
use of methacrylic acid resulted in a polymer with higher surface area
and higher adsorption capacity towards adsorption of diuron when
compared to the one synthesized with acrylic acid. Also, it was found
that theMIPMAA had higher selectivity for diuron in the presence of sim-
ilar molecules, carbofuran and 2,4-D, when compared to NIPMAA. There-
fore, the results demonstrate the feasibility in preparing phenylurea
herbicide-selective materials using a very commonmonomer, inexpen-
sive and available in routine laboratories, as well as makes possible to
exploit the bulk polymerization, a very simple technique. For the final
remarks, the combined use of non-linear kinetic and isotherm models
can be a promising tool in obtaining more insight into the adsorption
mechanism and existence of higher-affinity and lower-affinity adsorp-
tion sites for the studied polymers.
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