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A B S T R A C T

An electrochemical sensor modified with a molecularly imprinted polymer (MIP) and carboxyl-
functionalized multi-walled carbon nanotubes (MWCNT-COOH) was developed for the sensitive and
selective detection of diuron in river water samples. An MIP was obtained by bulk polymerization using
the best monomer (methacrylic acid) selected by computational simulation. The surface characteristics
of the MIP and NIP (control polymer) samples were evaluated by means of surface area and pore volume
determinations, using the BET method. The adsorption efficiency of the MIP was determined in
adsorption tests that revealed high adsorption, relative to the control polymer. In addition, MWCNTs
functionalized with carboxyl groups were used to enhance the performance of the sensor.
Electrochemical studies of diuron using the MIP and MWCNT-COOH immobilized on a carbon paste
electrode were performed with wave square voltammetry (SWV). The analytical parameters pH, buffer
composition, and amounts of MWCNT-COOH and MIP were investigated and optimized. Excellent results
were obtained with a linear range of between 5.2 � 10�8 and 1.25 �10�6mol L�1, detection limit of
9.0 � 10�9mol L�1, and sensitivity of 5.1 �105mA L mol�1. The MWCNT-COOH-MIP/CPE showed an
enhanced electrochemical response, with sensitivity 7.9-fold greater than for a plain carbon paste
electrode (CPE). Application of the sensor using river water samples resulted in recoveries between
96.1 and 99.5% and RSD <5% (n=3), demonstrating the reliability of this device.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Phenylurea herbicides such as diuron are widely used as
selective pre- and post-emergence herbicides for the control of
weeds in many agricultural crops including rice, sugar cane, coffee,
corn, soybean, cotton, and potato [1,2]. Diuron can cause adverse
effects in the environment, and human exposure to the compound
can result in irritation to the eyes, skin, and mucous membranes, as
well as formation of methemoglobin in the blood and abnormali-
ties in the liver and spleen [3,4]. It also acts as an endocrine
disruptor, interfering in the processes of release, transport, and
disposal of natural hormones in the body [4,5]. Analytical methods
for the determination of diuron that have been reported in the
literature include spectrometric [6], chromatographic [7], fluori-
metric [8], capillary electrophoretic [9], and electrochemical [10]
techniques.

The use of electrochemical sensors has attracted increasing
research interest in recent years, due to attributes such as high
stability, sensitivity, and selectivity. These methods are fast,
inexpensive, miniaturizable, and offer good reproducibility,
especially when the electrode is modified with substances
including graphene, carbon nanotubes, ionic liquids, gold nano-
particles, inorganic compounds, organometallic complexes
(phthalocyanine and porphyrin), and molecularly imprinted
polymers (MIPs), amongst others [11,12]. The materials selected
for use in this study were an MIP and multi-walled carbon
nanotubes (MWCNTs).

The usefulness of molecularly imprinted polymers as electro-
chemical modifiers is due to their adsorptive and selective
properties [13], and these materials offer a promising alternative
method with great potential to resolve the limitations of
separation techniques. An MIP can selectively adsorb an analyte
(the template), performing a biomimetic recognition similar to
that of an enzyme-substrate or an antibody-antigen system [14,15].
MIPs have been synthesized to suit a wide variety of templates, and
are used as analytical tools that offer high sensitivity and
selectivity, easy preparation, low cost, the possibility of synthesis
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in the presence of any biomolecule (receptor molecules or
enzymes), and resistance to adverse environments including
exposure to acids, bases, organic solvents, and high temperatures
[15,16]. The inclusion of MIPs in the design of sensors has been
successfully used for the analysis of drugs [17], pesticides [18], dyes
[19], metals [20], and ions [21].

Multi-walled carbon nanotubes are interesting nanomaterials
that possess unique mechanical and electronic properties, such as
chemical and thermal stability, elasticity, thermal and electrical
conductivity, and mechanical resistance. Carbon nanotubes have
been used in field emitters [22], quantum wires [23], batteries [24],
and nanoelectronic devices [25]. Recent work has shown that
MWCNTs can provide strong catalytic or electrocatalytic activity in
electrochemical sensors [11,26].

This work describes the development of an electrochemical
sensor based on carbon paste modified with an MIP and MWCNT-
COOH. The device was used for the selective and sensitive
detection of diuron in river water samples.

2. Materials and Methods

2.1. Reagents and solutions

All reagents were analytical or HPLC grade, as appropriate, and
all solutions were prepared with deionized water (resistivity
�18 MV.cm at 25 �C) obtained from a Milli-Q Direct-0.3 purifica-
tion system (Millipore).

Diuron, methacrylic acid, acrylic acid, azobisisobutyronitrile
(AIBN), MWCNTs and trimethylolpropane trimethacrylate (TRIM)
were obtained from Sigma-Aldrich. Sodium hydroxide, acetic acid,
methanol, hydrochloric acid, and sodium dihydrogen phosphate
were purchased from Synth (Brazil).

Stock solutions of 2.1 �10�5mol L�1 diuron were prepared by
dissolving 0.5 mg of the compound in 0.5 mL of ethanol and
diluting to 100 mL with deionized water.

Table 1
Monomers used in the computational simulation.

Code Monomer

M1 bis-acrylamide-N,N-methylene M11 methylene succinic acid
M2 imidazole-4-acrylic acid M12 methacrylic acid
M3 ethyl imidazole-4-acrylic acid ester M13 3-divinylbenzene
M4 acrylic acid M14 4-divinylbenzene
M5 acrylamide M15 styrene
M6 acrolein M16 1-vinylimidazole
M7 allylamine M17 2-vinylpyridine
M8 acrylonitrile M18 4-vinylpyridine
M9 ethylene glycol dimethacrylate M19 2-acrylamido-2-methyl-1-propane-sulfonic acid
M10 2-(cyanoethylamine) ethyl methacrylate M20 2-hydroxyethyl methacrylate
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Chart 1. Chemical structure of pesticides analyzed in the selectivity test.
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2.2. Electrochemical measurements

The electrochemical measurements were carried out using a
potentiostat (mAutolab type III, Autolab/Eco Chemie) and a
conventional electrochemical cell containing three electrodes: a
commercial Ag/AgCl/KClsat reference electrode (Analion), a plati-
num coil as the counter electrode, and a modified carbon paste
electrode as the working electrode (WE).

2.3. Functionalization of the MWCNTs

Functionalization of the MWCNTs consisted of mixing 100 mg of
multi-walled carbon nanotubes with 80 mL of a concentrated
solution of nitric and sulfuric acids in a proportion of 3:1 (v/v),
respectively. This mixture was stirred for 12 h and then washed
with deionized water until reaching pH 6.5-7.0. Afterwards, the
MWCNTs were dried by heating at 70 �C for 12 h [28].

2.4. Synthesis of the molecularly imprinted polymer (MIP)

Synthesis of the MIP and NIP polymers, using methacrylic acid
or 2-vinylpyridine as the monomer, was performed by the bulk
polymerization in solution method. First, the template molecule
(diuron, 1.0 � 10�4mol), 6 mL of porogenic solvent (acetonitrile),
and the functional monomer (4 �10�4 mol) were added to a glass
tube and agitated for 2 min using a Vortex stirrer. After leaving the
mixture to rest for 40 min, the crosslinker (TRIM, 2 � 10�3mol) was
added, followed by agitation for 2 min and resting for 40 min.
Finally, the radical initiator (AIBN, 6.1 �10�5 mol) was added and
the mixture was bubbled with N2 for 8 min. The glass tube was
then sealed with Parafilm and placed in a water bath at 60 �C for
24 h to allow total polymerization to occur [29,30]. The synthe-
sized polymer was ground, sieved, and subjected to several
washings in a volume of 100 mL methanol/acetic acid (9:1, v/v) in a
Soxhlet system, for 72 h, for complete extraction of the analyte. The
control polymer (NIP) was prepared in a similar way as the MIP,
except that the template was not present. The extraction of diuron
was monitored by high performance liquid chromatography
(HPLC-UV) [31].

2.5. Preparation of carbon paste modified with molecularly imprinted
polymer (MIP) and carboxyl-functionalized multi-walled carbon
nanotubes (MWCNT-COOH)

The preparation of the carbon paste was performed by mixing
90 mg of graphite, 5.0 mg of polymer (MIP or NIP (control polymer),
and 5.0 mg of MWCNT-COOH in 1.0 mL of 0.1 mol L�1 phosphate
buffer solution (pH 7.0). Phosphate buffer was used to blend the
reagents and to contribute to the conductivity of the paste [27]. The
material was carefully homogenized for 15 min using a mortar and
pestle, and then left to dry at room temperature. About 85 mL
(90 mg) of mineral oil (Nujol) was added to the dry material to
obtain the carbon paste. Preparation of the unmodified carbon
paste and the paste modified with MWCNT employed 100 mg of
graphite and 95 mg of graphite with 5 mg of MWCNT, respectively,
so that the amount of reagent used was 100 mg in both cases. The
same procedure was performed for other modifications in CPE.

A carbon paste electrode (CPE) was obtained by inserting the
paste into the cavity of an electrode composed of a Teflon tube
containing a platinum wire in contact with a 3 mm diameter
platinum disc placed at a distance of 1.5 mm from one end of the
tube, providing a cavity suitable for incorporation of the paste.

2.6. Computational simulation

The computational simulation employed computer programs to
select the monomers most suitable for sensitive and selective MIP
synthesis. Twenty monomers were evaluated, using the diuron
molecule as a template (Table 1). The following programs were
employed:

1) HyperChem 8.0.5 was used for the modeling of molecules.
2) OpenEye software package. The LIFE 3.0.0 program enabled

visualization of the modeled molecules and checking of possible
errors of bonds between atoms in the molecule. The Omega2
program was used to generate different conformers of the
molecule, with three selected at random to perform the tests.

M
P1

7
M

P1
1

M
P4

M
P3

M
P6

M
P1

M
P8

M
P5

M
P1

9
M

P1
5

M
P2

0
M

P1
0

M
P2

M
P1

4
M

P1
8

M
P1

6
M

P7
M

P9
M

P1
2

M
P1

3

-20

-40

-60

-80

-100

-120

-140

Mono mer

B
in

di
ng

 e
ne

rg
y 

/ k
J m

ol
-1

2-vinylpiridi ne

Methacr ylic acid

Fig. 1. Study of monomer-template interaction using computational simulation.
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Fig. 2. Study of diuron adsorption by the MIP and NIP polymers.

Table 2
Characterization of the porosity of the polymer using the BET method.

Results of BET analysis for MIP and NIP

Polymer Surface area (m2 g�1) Pore volume (cm3 g�1) Diameter (nm)

MIP 861 0.67 6.3
NIP 834 0.31 4.3
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The Szybki 1.2.2 program was used to ensure that the molecule
was in its lowest energy state.

3) The Autoit 3.3.6.0 application used command line scripts to
automate repetitive processes during the molecular modeling,
eliminating errors during the procedures.

4) The Multiple Minimum Hypersurfaces (MMH) with MOPAC
(Molecular Orbital Package) program performed the approach
of the monomers to the molecule to be used as a template, with
calculation of the energy released resulting in affinity between
the different components.

2.7. Selectivity of the MIP in the electrochemical sensor

The selectivity of the MWCNT-COOH-MIP/CPE was evaluated
using a mixed solution of diuron and the pesticides carbofuran,
carbendazim, metribuzin, and 2,4-D at concentrations of 4.0 � 10�7

mol L�1 (Chart 1). The pesticides were solubilized in deionized
water and ethanol (20:1, v/v). Two solutions were employed for the
analysis, one containing a diuron standard, and another containing
all the pesticides. The analyses were carried out under optimized
conditions using the square wave voltammetry (SWV) technique.
The optimized analytical conditions were f = 10 Hz, A = 75 mV,
DEs = 4 mV, and preconcentration using tacc = 120 s and Eacc = 0.2 V
vs. Ag/AgCl.

2.8. Application of the sensor using river water samples

The MWCNT-COOH-MIP/CPE was evaluated by analyzing
enriched samples of river water collected at different locations
near the city of Araraquara (around 270 km northwest of São Paulo,
Brazil). Each sample was spiked with 4.0 � 10�7mol L�1 diuron,
stirred for 10 min using a homogenizer, and then filtered to remove

insoluble substances. The standard additions method was used for
the determination of diuron in these spiked samples.

2.9. HPLC analysis

The equipment used was a Shimadzu 20A chromatograph fitted
with a UV/visible detector (Model SPD-20A), an auto-injector
(Model SIL-20A), and a degasser (Model DGU-20A5), coupled to a
microcomputer. The stationary phase was a reversed phase
C18 column (Shim-pack CLC, Shimadzu). The mobile phase was
a mixture of acetonitrile and water (70:30 v/v), the flow rate was
1.0 mL min�1, and the detector wavelength was 225 nm [31].

3. Results and Discussion

3.1. Computational simulation

The use of computational simulation as an analytical tool was
very important for selection of the monomers used in the MIP
synthesis. The interaction of each monomer with the template
(diuron) was based on structural and functional affinity. No
evaluation was made of physicochemical parameters or interaction
of the template with the monomer at the molecular or electronic
level. The energy released on approach between each monomer
and the template (diuron) is shown in Fig. 1. Higher energy release
(indicated by values that are more negative) was indicative of
greater selectivity of the MIP, with increased affinity between the
monomer and the template. Fig. 1 clearly shows that the MP12 and
MP13 monomers presented better binding energies (around
-130 kJ mol�1), while MP17 had the lowest binding energy
(-36.5 kJ mol�1). Hence, from the 20 monomers analyzed in the
computational simulation, a monomer with high affinity (MP12,
methacrylic acid) and a monomer with low binding energy (MP17,
2-vinylpyridine) were selected for the purposes of comparison.

Fig. 3. Schematic illustration of interaction and electrochemical reaction of the diuron molecule using MWCNT-COOH and MIP on the electrode surface.
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MP13 was not used in the synthesis, because it was not a good
polymerization agent.

3.2. Porosimetry using the BET method

The surface areas of the MIP and NIP polymers, measured using
the BET method, were 861 and 834 cm2, the pore volumes obtained
by nitrogen adsorption porosimetry were 0.67 and 0.31 cm3, and
the pore diameters were 6.3 and 4.0 nm, respectively (Table 2).
Among all the parameters analyzed, the pore diameter was most
important, because it approximated the size of the diuron
molecule. The pore diameter and volume were smaller for the
NIP, as expected because the MIP possessed a cavity that was
complementary to the diuron molecule. It should be noted that in
this study, the surface area was not a criterion used to ensure

selectivity. The parameters that explained the results obtained
with the MIP and NIP were the pore volume and diameter.

3.3. Diuron adsorption

The efficiencies of diuron adsorption by the MIP and NIP were
evaluated using methacrylic acid and 2-vinylpyridine as mono-
mers, and diuron concentrations in the range from 10 to 100 ppm.
The optimized analytical conditions were 2 h adsorption time and
pH 8.0 phosphate buffer solution. Fig. 2 shows plots of the amount
of diuron adsorbed per mg of each polymer (Qe (mg g�1)),
according to the amount of free diuron in solution (Ce (mg L�1)),
calculated using:

Q ¼ C0 �Cð ÞV=m ð1Þ

Fig. 4. Square wave voltammetry using a carbon paste electrode in 0.1 mol L�1 phosphate buffer solution (pH 8.0) for (A) CPE, MIP/CPE, and NIP/CPE, and (B) MWCNT-COOH-
MIP/CPE, MWCNT-COOH/CPE, MWCNT/CPE and CPE. Analytical conditions: f = 10 Hz; A = 75 mV; DEs = 4 mV; preconcentration using tacc = 120 s and Eacc = 0.2 V vs. Ag/AgCl;
[diuron] = 4.0 � 10�7mol L�1.

Table 3
Optimized square wave voltammetry (SVW) parameters.

Parameter Studied range Optimum value

Frequency (Hz) 10 - 40 10
Amplitude (mV) 25 - 100 75
Increment (mV) 2 - 10 4
Accumulation potential (Eacc) -0.4 - 0.4 0.2
Accumulation time (tacc) 0 - 180 120
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In Eq. (1), C0 is the initial diuron concentration (mg L�1), C is the
diuron concentration after adsorption, V is the volume of the
solution of diuron in phosphate buffer (mL), and m is the weight of
the MIP or NIP (g).

The adsorption of diuron onto the MIP was always greater than
onto the NIP, for all concentrations tested, indicating that the
imprinted polymer provided better molecular recognition. It
should be noted that the adsorption study was used only to show
the higher adsorption of diuron onto the MIP, compared to the NIP,
and to compare the adsorption efficiencies of two MIPs synthe-
sized with different monomers. The MIP synthesized with the
methacrylic acid monomer showed better adsorption perfor-
mance, compared to the use of 2-vinylpyridine, in agreement with
the results obtained with the computational simulation. In this
analysis, high performance liquid chromatography (HPLC) was
employed to determine the amount of diuron adsorbed onto the
polymer (mg ml�1), calculated by subtracting the concentration
found by HPLC from the initial concentration added to the mixture.

3.4. Interaction of the diuron molecule with the MIP and the MWCNT-
COOH on the surface of the electrode

The interaction between diuron and the MIP was studied using
the optimum conditions identified previously. The interaction
between the monomers and the template involved the amino

groups of the template (diuron) and the hydrogen of the carboxyl
group of the monomer. This same interaction occurred with the
MWCNT-COOH. The use of the MWCNT-COOH and the MIP
improved the performance of the electrochemical sensor by
preconcentration of diuron on the electrode surface. Addition of
the diuron solution to the electrochemical cell containing
phosphate buffer resulted in its contact with the MIP and the
MWCNT-COOH immobilized on the electrode surface, leading to
interaction between the diuron molecules and the modifiers. This
interaction was maximized using the optimal preconcentration
potential and time (tacc = 120 s), as described in Section 3.3.
Although both the MWCNT-COOH and the MIP possessed
adsorptive properties, immobilization of the MIP on the surface
of the electrode was mainly responsible for the enhanced
sensitivity and selectivity of the sensor, due to the MIP-diuron
affinity. Fig. 3 provides a schematic illustration of the interaction
and the electrochemical reaction of the diuron molecule on the
surface of the electrode. The electrochemical process is initiated
after the preconcentration step, with the increase in potential
(from 0 to 1.2 V) promoting the oxidation reaction which involves
two molecules of diuron forming a dimeric compound [10,32].

After obtaining the analytical curve, the electrode was washed
with deionized water and ethanol (10:1, v/v) and then polished
with clean paper to regenerate the surface. This procedure enabled
many analytical curves to be constructed, showing that the
longevity of the sensor was one of its main advantages.

Fig. 5. Optimization of square wave voltammetry (SWV) parameters. Influence of (A) amount of MIP; (B) amount of MWCNT-COOH; (C) type of buffer; (D) pH. Analytical
conditions: f = 10 Hz; A = 75 mV; DEs = 4 mV; preconcentration using tacc = 120 s, Eacc = 0.2 V vs. Ag/AgCl; [diuron] = 4.0 � 10�7mol L�1; 0.1 mol L�1 phosphate buffer solution
(pH 8.0) for experiments (A)-(C).
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3.5. Electrochemical behavior of diuron using the MWCNT-COOH-MIP/
CPE

The electrochemical response obtained for diuron was studied
in tests using the CPE, MIP/CPE, and NIP/CPE electrodes (Fig. 4A),
and the CPE, MWCNT/CPE, MWCNT-COOH/CPE, and MWCNT-
COOH-MIP/CPE electrodes (Fig. 4B). The results showed that better
electrochemical signals were achieved for the MIP/CPE, relative to
the NIP/CPE and the CPE, and for the MWCNT-COOH-MIP/CPE,
relative to the MWCNT/CPE, MWCNT-COOH/CPE, and CPE.
Improved electronic transfer achieved using the MIP and the
MWCNT-COOH resulted in enhanced sensor sensitivity. The higher
anodic peak currents (Ipa) obtained with the use of the modifiers
are shown in Fig. 4.

The effect of accumulation potential (Eacc) and time (tacc) on the
anodic peak current of the MWCNT-COOH-MIP/CPE was evaluated
in the presence of 4.0 � 10�7mol L�1 diuron. The best values were
Eacc = 0.2 V and tacc = 120 s. Other optimized parameters of SWV are
presented in Table 3. The optimum amount of MIP in the carbon
paste was 2.6% (w/w) (Fig. 5A). The highest anodic peak current
(ipa) intensity was obtained using 2.6% (w/w) MWCNT-COOH and
phosphate buffer (pH 8.0) (Fig. 5B,C, and D).

The peak currents obtained by square wave voltammetry were
measured using successive additions of diuron stock solution
(2.1 �10�5mol L�1). The determination of diuron was performed at
a potential of 0.85 V vs. Ag/AgCl. The sensor showed a linear
response to diuron concentrations between 5.2 � 10�8 and
1.25 �10�6mol L�1, sensitivity of 5.1 �105mA L mol�1, and detec-
tion limit (LOD) of 9.0 � 10�9mol L�1 (3 � SD/m, where SD is the
standard deviation for measurements of the blank solution (n=10),
and m is the slope of the analytical curve) (Fig. 6) [33]. The relative
standard deviation (RSD) obtained for five analytical curves was
2.9%, demonstrating the high reproducibility and stability of the
proposed sensor. A comparison was made between the square

wave voltammetry and differential pulse voltammetry techniques
(not shown), with SWV showing the highest sensitivity in the
electrochemical measurements.

Comparison of the performance of the proposed sensor with
that of other electrochemical sensors (Table 4) showed the
superiority of the new method in terms of linear range and
detection limit. Advantages include the possibility of direct
detection, high stability and reproducibility, low detection limit,
and the ability to renew the electrode surface by simple washing
with deionized water and ethanol (10:1, v/v), followed by polishing
with clean paper. In addition, a large number of analyses can be
performed in a relatively short time (about 30 analyses per hour),
at a low cost.

3.6. Selectivity of the sensor in the presence of other pesticides

Fig. 7 shows the results obtained for the selectivity of the
MWCNT-COOH-MIP/CPE in the presence of other pesticides.
Square wave voltammetry in the potential range from 0 to 1.2 V
was used to evaluate the electrochemical responses obtained for
the pesticides, which have redox activity. In this analysis, it was
confirmed that only diuron showed a measurable electrochemical
response, with an anodic peak current (ipa) at a potential of 850 mV
vs. Ag/AgCl/KClsat, indicating the high selectivity of the proposed
sensor. The concentrations of the pesticides used were 4.0 � 10�7

mol L�1. It was also found that during preconcentration, the
adsorbed pesticides did not affect the intensity of the analytical
signal for diuron.

3.7. Application to river water samples

Application of the sensor using three river water samples
resulted in recoveries of between 96.1 and 99.5% for the proposed
technique, while recoveries for the comparative HPLC method

Fig. 6. MWCNT-COOH-MIP/CPE response profile using square wave voltammetry and analytical curve (inserted) with error bars (for 3 analytical curves in triplicates).
Analytical conditions: f = 10 Hz; A = 75 mV; DEs = 4 mV; preconcentration using tacc = 120 s and Eacc = 0.2 V vs. Ag/AgCl; 0.1 mol L�1 phosphate buffer solution (pH 8);
[diuron] = (a) 5.2 � 10-8, (b) 2.1 �10-7, (c) 4.2 � 10-7, (d) 6.1 �10-7, (e) 8.1 �10-7, (f) 1.03 �10-6, (g) 1.25 �10-6mol L-1.

Table 4
Comparison of the performances of different electrochemical sensors for the determination of diuron.

Electrode Dynamic range
(mol L�1)

Detection limit (mol L�1) Technique References

Screen printed (OCP)a 2.1 �10�6 - 4.6 � 10�6 2.1 �10�6 amperometry [10]
GCE (NiTAPc)b 0.3 � 10�6 - 3.0 � 10�4 3.3 � 10�7 amperometry [34]
Au (LC-LAGE)c 1.0 � 10�12 - 1.0 � 10�6 – SWV [35]
Screen printed (PSII complex)d 1.3 � 10�10 - 4.3 � 10�5 – amperometry [36]
MWCNT-COOH-MIP/CPE 5.2 � 10�8 - 1.25 �10�6 9.0 � 10�9 SWV This work

a Screen-printed electrode modified with organic conjugated polymers.
b Glassy carbon electrode (GCE) modified with polymerized nickel tetraamino-phthalocyanine.
c Au electrode fabricated on polystyrene substrate (immunosensor).
d The screen printed biosensor consisted of the PSII complex (biosensing element) isolated from the thermophilic cyanobacterium Synechococcus elongatus f. thermalis.
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were between 96 and 99% (Table 5). These findings were indicative
of an absence of matrix effects. The RSD values were lower than 5%
(n=3), showing the high accuracy and reproducibility achieved
with the proposed sensor. Fig. 8 shows the electrochemical
determination of diuron with the MWCNT-COOH-MIP-CPE, using
the standard additions method.

In these experiments, the proposed sensor was able to detect
diuron at a concentration of 5.2 � 10�8, while the HPLC method
could only detect 2.1 � 10�5mol L�1 of diuron. Other advantages of
the proposed sensor, relative to HPLC, were lower consumption of
reagents, short analysis time, high selectivity and sensitivity, low
cost, and the ability to analyze samples without any need for
pretreatment. These characteristics emphasize the contribution
that electrochemical sensors can make as alternative tools for the
determination of analytes of interest.

4. Conclusions

This work describes the successful use of a molecularly
imprinted polymer and MWCNT-COOH as modifiers on an
electrode surface. The new analytical method was shown to be
practical and provided accurate determination of diuron, with
excellent sensitivity and selectivity. The catalytic and adsorptive
properties of MWCNT-COOH, together with the selective and
adsorptive properties of MIP, enhanced the electrochemical signal
of the proposed sensor, enabling satisfactory determination of
diuron in river waters. In recovery studies, the MWCNT-COOH-
MIP/CPE showed RSD less than 5%, indicating the suitability of the
proposed method for use in practical applications. Computational
simulation was successfully used as an analytical tool for selection
of the best monomer employed for the synthesis of the MIP.

Fig. 7. Evaluation of selectivity using square wave voltammetry (SWV): (A) electrolyte; (B) metribuzin, 2,4-D, carbofuran, and carbendazim; (C) diuron. All analytes were
added at concentrations of 4.0 � 10�7mol L�1. Analytical conditions: f = 10 Hz; A = 75 mV; DEs = 4 mV; preconcentration using tacc = 120 s and Eacc = 0.2 V vs. Ag/AgCl;
0.1 mol L�1 phosphate buffer solution (pH 8.0).

Table 5
Recovery values found with the MWCNT-COOH-MIP/CPE for river water samples after enrichment with diuron (n=3).

River sample [Diuron]/mol L�1

Proposed method HPLC method

Added Founda (%RSD) Recovery (%) Added Founda (%RSD) Recovery (%)

Chibarro 5.2�10�8 5.04�10�8 (3.5) 96.1 2.1�10�5 2.02�10�5 (4.5) 96
Jacaré-Pepira 5.2�10�8 5.12�10�8 (4.8) 98.5 2.1�10�5 2.06 �10�5 (5.0) 98
Jacaré-Guaçu 5.2�10�8 5.17�10�8 (1.5) 99.5 2.1�10�5 2.08�10�5 (5.5) 99

a Average of 3 measured concentrations; RSD =s/m � 100 (s = standard deviation of 3 measured concentrations; m = average of 3 measured concentrations).

Fig. 8. Application of the standard addition approach for the quantification of diuron in river water samples by SWV. Analytical conditions: f = 10 Hz; A = 75 mV; DEs = 4 mV;
preconcentration using tacc = 120 s and Eacc = 0.2 V vs. Ag/AgCl; 0.1 mol L-1 phosphate buffer solution (pH 8.0); [diuron] = (a) unknown, (b) 5.2 �10-8, (c) 1.0 � 10-7, (d) 2.1 �10-7,
(e) 3.1 �10-7, (f) 4.2 � 10-7 mol L-1.
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