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The Electrochemical Detection of 4-chloro-2-methylphenoxyacetic
Acid (MCPA) Using a Simple Activated Glassy Carbon Electrode

Tian Yu, Orla Fenelon, Karen M. Herdman, and Carmel B. Breslin”

Department of Chemistry, Maynooth University, Maynooth, Co. Kildare, Ireland

4-Chloro-2-methylphenoxyacetic acid (MCPA) is one of the pesticides most widely used to control broadleaf weeds in arable and
horticultural crops and it leaches readily into groundwater bodies causing pollution. In this study, a sensor was fabricated by the
simple activation of a glassy carbon electrode (GCE) in an aqueous phosphate solution by cycling the GCE between —2.0 and 2.4 V
vs SCE. The activated GCE exhibited very good detection of MCPA, with a linear concentration range extending from 1 to 850 uM
(cyclic voltammetry) and a limit of detection (LOD) of 0.008 M, which was obtained using differential pulse voltammetry. A
more thermodynamically favoured oxidation of MCPA was observed at the activated GCE, with an approximate shift of 110 mV in
the peak potential to lower potentials. Very good reproducibility and stability were achieved, with the sensor giving similar peak
currents over a 30-day immersion period. Good selectivity was achieved in the presence of nitrates, nitrites, sulfates and
structurally related compounds such as nitro-phenols. The promising performance of the activated GCE in the sensing of MCPA
was attributed to the generation of oxygenated functional groups and an increased surface area arising from the local dissolution of
the GCE during activation.
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Throughout the world, pesticides and herbicides have increasingly
become a fundamental part of modern agriculture and sustainable food
supply.! However, these chemical substances, which have the ability
to kill a variety of pests, are contaminating natural ecosystems and
threatening biodiversity.> Pesticides are broadly divided into fungi-
cides, insecticides, rodenticides and herbicides® and one of the more
widely utilised herbicides is 4-chloro-2-methylphenoxyacetic acid
(MCPA). MCPA is employed in agriculture, especially in marginal
and upland agricultural areas as it is very effective in weed control.* It
is normally applied through spraying and therefore it is frequently
found in Blants, soil and water™® leading to significant environmental
pollution.” Additionally, due to its relatively good solubility in water
and rather poor adsorption by the soil substrate, MCPA enters surface
and ground water bodies.® Indeed, MCPA has been found in several
water systems, including rivers and streams, during various water
quality surveillance programmes.®® MCPA is harmful to aquatic
species,'® animals'' and can impact on human health even at relatively
low concentrations.'? Therefore, the development of rapid, sensitive
and simple MCPA detection methods is urgently required not only for
human health and the environment, but also for providing data on the
removal efficiency of MCPA and other pesticides from aquatic
environments.

So far, several MCPA detection methods have been developed
and these include high performance liquid chromatography
(HPLC)," capillary electrophoresis,'* solid phase extraction coupled
with ion mobility sg)ectrometry,15 electrochemiluminescence'® and
chemiluminescence.'” However, these methods suffer from expensive
equipment, the requirement for trained technical personnel, complex
sample preparation and time-consuming analyses. Comparatively,
electrochemical sensors exhibit unique advantages, such as being
rapid, reliable, cost-effective and can be easily transported to various
water bodies to give onsite and real-time detection.

Nevertheless, there are very few electrochemical-based sensors
that have been developed and reported for the determination of
MCPA. On searching the literature only three papers reported by
Brett and co-workers'®'® and Bialek et al.>° were found. In these
studies, Brett and co-workers combined G-CD with multi-walled
carbon nanotubes (MWCNTs) and this dispersion was then applied
to a polyaniline modified GCE electrode to give PANI-3-CD/
MWCNT/GCE. The sensor was shown to give a linear range from

“E-mail: Carmel.Breslin@mu.ie

10 to 100 M with a detection limit of 0.99 M for MCPA.'® In a
related study, the same group employed the PANI-G-CD/MWCNT/
GCE sensor for the simultaneous detection of MCPA and its
metabolite, 4-chloro-2-methylphenol.'® The authors attributed the
enhanced oxidation peak currents observed for MCPA to both the
MWCNTs and 3-CD. Bialek et al.® employed a carbon paste
electrode modified with mesoporous silica or powdered activated
carbon and found a linear range between 10 and 500 M.

It has been shown that the oxidation of carbon-based substrates
occurs when polarised to high potentials and this has been reported
with carbon nanotubes,?’ activated carbon® and glassy carbon
electrodes.>® At these high potentials, which are typically beyond
the oxygen evolution reaction, OH' radicals are produced which can
attack the C-C bonds giving rise to the formation of oxygen-
containing groups.>* These oxygenated groups have been shown to
increase the rate of the electron transfer process and enhance the
electrochemical properties of the activated electrode.”*?® In this
paper, a glassy carbon electrode was activated in a slightly acidic
phosphate buffer solution, by cycling the electrode in a wide
electrochemical window, facilitating both oxidation and reduction
processes. This simple activated electrode was then employed in the
electrochemical detection of MCPA, to give impressive detection
with a wide linear range, a low detection limit and good selectivity.

Experimental Method

All chemicals were obtained from Sigma—Aldrich and were of
analytical grade reagents and used without any further purification.
The electrochemical measurements, including cyclic voltammetry
(CV) and differential pulse voltammetry (DPV), were recorded with
a Solartron 1287 or CHI 760 C potentiostat. Electrochemical
impedance spectroscopy measurements were carried out using a
Solartron 1287 potentiostat coupled with a 1255 FRA (Solartron).
The surface morphology was studied using scanning electron
microscopy (SEM) with a Hitachi S-3200-N microscope containing
a tungsten filament electron source.

A standard three-electrode cell was employed, comprising a
glassy carbon electrode (GCE) as the working electrode, a high
surface area platinum wire as the counter electrode, and a saturated
calomel electrode (SCE) served as the reference. The GCE (3 mm in
diameter) was polished with progressively smaller sized diamond
suspensions (Akasol) with a final 1 um particle size, on a micro-
cloth (Aka-Napel cloth) to give a mirror finish. Finally, the polished
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Figure 1. CVs recorded at 100 mV s~ between the potential limits of —2.0 and 2.4 V vs SCE in slightly acidified pH 5.3 solutions during the activation of GCE
in (a) 0.05 M phosphate, showing 30 cycles (b) 10th cycle in 0.05 M phosphate, 0.05 M sulfate and 0.05 M chloride.

GCE was sonicated and thoroughly rinsed with deionised water.
Unless otherwise stated, the activated GCE was formed in a 0.05 M
phosphate buffer by cycling the polished GCE between —2.0 V and
2.4V vs SCE at 100 mV s for 30 cycles. The resulting surfaces
were thoroughly rinsed with deionised water and then employed in
the electrochemical detection of MCPA in a 0.1 M phosphate buffer
solution adjusted to a pH of 5.3.

Two procedures were used in the MCPA electrochemical studies;
firstly, the data were recorded using a freshly prepared GCE and
secondly the data were recorded in the steady state. For these latter
experiments, the activated GCE was cycled until steady state
voltammograms were achieved, usually 30 cycles. The CV experi-
ments were performed at a scan rate of 100 mV s™', unless otherwise
stated. DPV measurements were recorded using a pulse amplitude of
50 mV, pulse width of 0.05 s, sampling width of 0.0167 s, a pulse
period of 0.50s, and an increment of 4 mV. The impedance data
were recorded at a fixed potential from 1.1 to 1.5V vs SCE in 0.1 M
phosphate buffer using a perturbation potential of 10 mV. All data
were recorded after a 3-hr polarisation period to ensure steady state
conditions were achieved. The collected data were fitted to an
equivalent circuit, keeping the errors below 2%. The long-term
stability of the activated GCE was monitored by initially cycling the
electrode to give steady-state voltammograms, then the electrode
was stored in a 0.1 M phosphate buffer solution and removed at
different time intervals and the voltammograms were recorded again
and compared with the initial data.

Results and Discussion

Preparation and optimisation of the activated electrodes.—The
GCE surface was activated in a slightly acidified phosphate buffered
solution by cycling between the potential limits of —2.0 to 2.4 V vs
SCE. Typical data are shown in Fig. 1a, where the voltammograms
are presented, showing cycles 1 to 30 for the phosphate system.
Clear oxidation waves are seen at about 0.70 V (peak 1) and 1.5V vs
SCE (peak 2), while a sharp reduction wave is evident at about
—0.60 V vs SCE and a smaller less defined reduction wave emerges
at about —-1.9V vs SCE. The peak potential remains essentially
constant with increasing cycling for peak 3, however there is a
considerable shift in the peak potential for peak 2, increasing from
about 0.45 V for the initial cycles to about 0.70 V vs SCE for cycle
30. In all cases the peak currents increase with cycling and this
appears to be related to the degree of oxidation with the sharp peak
at about —0.6 V vs SCE connected with the reduction of oxides
formed at the higher potentials. The influence of the anion is evident
in Fig. 1b, where the voltammograms are compared for chloride,
phosphate and sulfate anions. Clearly, the anion has a significant
influence. The sulfate and phosphate systems are similar, however
the voltammograms are very different in the presence of chloride
anions. The onset of the oxygen evolution reaction occurs at a much
lower overpotential, and the characteristic oxidation waves seen in

Figure 2. SEM micrographs recorded following cycling of the GCE
electrode between —2.0 and 2.4 V vs SCE for 30 cycles at 100 mV s~ in
(a) phosphate (b) phosphate at a higher magnification (c) chloride and
(d) sulfate.

the vicinity of 0.7 and 1.5 V vs SCE are no longer evident, Fig. 1b.
In this case, the Cl™ ions can combine with the OH  species
generated during the evolution of oxygen to give various reactive
chloride intermediates,27 such as CIOH ™, and these have the
potential to alter the activation process.

Typical scanning electron micrographs, illustrating the mor-
phology of the GCE activated in phosphate, chloride and sulfate,
are shown in Fig. 2. An etched-like surface is seen with the
phosphate system, Figs. 2a and 2b. This etching is consistent with
a report by Yi et al.>® where etching was explained in terms of the
degradation of GCE by ring opening of the graphitic structure and
the formation of oxides. A similar morphology is seen with the
sulfate activated GCE, Fig. 2d, while the morphology of the chloride
activated GCE is very different, with the formation of a porous lace-
like film.

The freshly prepared activated GCE was initially used to detect
MCPA at a relatively high concentration of 4 mM using cyclic
voltammetry. As shown in Scheme 1, this oxidation reaction
proceeds irreversibly with the transfer of one electron and one
proton to yield 4-chloro-2-methylphenol. In Fig. 3a, the voltammo-
grams recorded for the phosphate activated GCE and the unmodified
GCE are compared. It is immediately evident that the activated
electrode facilitates the oxidation of MCPA as the peak current is
considerably higher at 9.01 mA cm ™ compared to a much lower
peak current of 1.21 mA cm™2 for the GCE. It is also evident from
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Scheme 1. The structure of MCPA and its electrochemical oxidation to
4-chloro-2-methylphenol.

these voltammograms that activation gives rise to a much higher
capacitive current, and this is probably connected with the etched
surface, as illustrated in Figs. 2a and 2b. As illustrated in Fig. 3b, the
anion in the activation solution has a considerable influence on the
electrochemical oxidation of MCPA, with poor detection observed
in the presence of chloride and acetate anions. On the other hand,
good detection is seen with the sulfate system.

In order to further optimise the performance of the activated GCE
in the electrochemical detection of MCPA, the experimental para-
meters employed in the fabrication of the activated GCE were
investigated, including the applied potential ranges, the number of
cycles employed in the formation of activated GCE and the pH of
the activating solution. The optimum detection of MCPA was
observed with the phosphate solution adjusted to a pH of 5.3.
Slightly lower peak currents were observed on activation in neutral
solutions and also in more acidic solutions. The effects of the
activation window and number of cycles are summarised in Figs. 3¢
and 3d, respectively. Using these studies the optimum activation
conditions for the electrochemical oxidation of MCPA were
identified as cycling between —2.0 and 2.4 V vs SCE, for 30 cycles
in a 0.05 M phosphate buffer adjusted to a pH of 5.3.
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Information on the conducting properties of the optimised
activated GCE was obtained using electrochemical impedance
spectroscopy. The data were recorded at different applied potentials
and representative plots are shown in Fig. 4. The impedance data
were fitted to the equivalent circuit shown in the inset in Fig. 4a,
where R1 represents the solution resistance, R2 corresponds to the
charge transfer resistance and CPE] is a constant phase element. The
complex impedance of the CPE is given in Eq. 1, which is a
generalised expression corresponding to a resistor with n = 0, to a
capacitor for n = 1, and to an inductor with n = —1. In this case it
was used to represent a non-ideal capacitor, with 0.8 < n < 1.

1 —iZn
Zcp P Ae 2 [1]

Representative impedance data are presented in Fig. 4a, where
the complex plane plots of the GCE and activated GCE electrodes
are compared. These data were recorded following a 180 min
polarisation period at 1.2V vs SCE to coincide with the potentials
required to oxidise MCPA. It is clear from this analysis that similar
data are obtained for both electrodes. Semicircles are seen and there
is no evidence of any additional resistance or diffusion paths for
the activated GCE. This observation indicates that the modified and
bare electrodes are similar and even at these relatively high
potentials the systems are well behaved, with the activated GCE
exhibiting a somewhat more conducting surface. At 1.2V vs SCE,
where oxidation of MCPA is observed in the cyclic voltammograms,
the charge transfer resistance was estimated at 2.9 kQ cm? for the
activated GCE and 120.6 k2 cm? for the GCE electrode, clearly
illustrating the good conducting properties of the activated GCE.
The constant phase elements with n values of 0.83 represent

PBS NaSO, NacCl NaAc
Electrolyte

5 10 15 20 25 30 35 40 45
Scan cycles

(d)

Figure 3. (a) CVs recorded using GCE (blue) and activated GCE (black), (b) Peak current recorded in MCPA for activated GCE formed in different electrolytes , and
MCPA peak current as a function of (c) activation window and (d) activation cycles. All CVs performed at 100 mV s~ in 4.0 mM MCPA in phosphate buffer, second
cycle data used.
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Figure 4. (a) The electrochemical impedance spectra for bare GCE (red) and activated GCE (black) recorded in phosphate buffer at 1.2 V vs SCE, (b) Charge
transfer resistance (R2) plotted as a function of the applied potential for bare (red) and activated GCE (black).

Table 1. Reproducibility of the activated GCE in the detection of 4.0 mM MCPA.

Peak Current (mA cm™>)
1

9.017

Peak Current (mA cm™>)
1

1.219

Freshly prepared activated GCE
Activated GCE in the steady state

non-ideal capacitors, and interestinglsy, this value was higher for the
activated GCE (8.43 x 107* Q' 5% for activated GCE and 3.37 x
107* Q7' s°®3 for GCE). This higher capacitance is consistent with
the etched surface, Figs. 2a and 2b, and the high capacitive currents
observed in Fig. 3a. In Fig. 4b, the charge-transfer resistance, R2, is
plotted as a function of the applied potential, again indicating that
the activated GCE remains conducting at these high potentials. The
lower charge-transfer resistance values observed in the vicinity of
1.3V to 1.5V vs SCE are related to the oxygen evolution reaction,
which gives nearly identical values for both electrodes. Furthermore,
the stability of the activated GCE was monitored by measuring the
impedance over a 24-h period. Nearly identical data were recorded
from 3 h to 24 h, indicating very good stability at these relatively
high potentials.

Oxidation of MCPA at the activated GCE.—Steady-state con-
ditions were employed in the electrochemical characterisation
studies. In this case, the freshly modified and optimised activated
GCE was firstly cycled between —0.1 V and 1.5V vs SCE in the
MCPA or phosphate buffer solution for 30 cycles to achieve steady
state conditions. Although, the oxidation waves for MCPA

2.51
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2.01

1.54

1.04
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0.54
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RSD (%)
2 3 4 5 (n=5)
9.756 8.956 8.057 9.831 0.57
RSD (%)
2 3 4 5 (n=5)
1.217 1.218 1.220 1.222 0.19

decreased in intensity with increasing cycling before the steady
state conditions were achieved, greater reproducibility was achieved
under steady state conditions and this is illustrated in Table I. It is
clear from this table that although the steady state conditions give
lower peak currents, improved reproducibility is achieved with the
RDS at 0.19% for steady state compared with 0.57% for the freshly
prepared sensors. Moreover, the high capacitive currents, observed
in Fig. 3a, are reduced considerably with repeated cycling to give a
low background current.

The influence of the solution pH on the electrochemical detection
of MCPA was investigated between a pH of 2.5 and 8.3.
Representative DPVs are shown in Fig. 5, where it is clear that
both the peak current and peak potential depend on the pH of the
solution. It is evident from Fig. 5a that the highest peak current is
observed in the slightly acidic solution with a pH of 5.3. As the pH is
increased further the peak current decreases and this is consistent
with the participation of HT ions in the oxidation reaction,
Scheme 1. The pKa of MCPA is about 3.07 (reported typically
between 3.05 and 3.13),%° indicating that the MCPA becomes more
neutral as the solution becomes more acidic, with the neutral MCPA
existing at a pH of 3.0. This neutral form will be less soluble in

1.284
1.24 1

1.20+

E (V) vs. SCE

1.161
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-~
o B
e

5 6
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2 3 4

Figure 5. (a) DPV voltammograms recorded in 4.0 mM MCPA in a phosphate buffer solution at different pH values and (b) peak potential, Ep, plotted as a

function of pH.
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Figure 6. (a) Steady state peak oxidation currents vs the scan rates for activated GCE, (b) logarithm of steady state peak oxidation currents vs logarithm of scan
rates for the activated GCE and peak potentials as a function of the logarithm of scan rate for (c) bare GCE and (d) activated GCE.

aqueous solution and this is probably connected with the particularly
low peak current observed at a pH of 2.5. On plotting the peak
potential as a function of the solution pH, a linear trend was
observed between a pH of 2.5 and about 5.0, as shown in Fig. 5b.
The regression equation was obtained as, Ep = —0.048 pH + 1.37.
On comparing this computed slope with the theoretical slope of
0.059 m/n, where m represents the number of protons transferred and
n corresponds to the number of electrons transferred, the m/n value
was estimated as 1.22 and this is consistent with the transfer of equal
numbers of protons and electrons, as illustrated in Scheme 1.

In order to determine if the oxidation of MCPA was under
diffusion or adsorption control, the peak currents were recorded as a
function of the scan rate after cycling the activated GCE in 4.0 mM
MCPA to achieve steady state. On plotting the peak current as a
function of the scan rate, a linear plot was obtained, as illustrated in
Fig. 6a (R? = 0.998), indicating that the oxidation of MCPA is an
absorption-controlled process. Furthermore the slope of the plot in
Fig. 6b, where the logarithm of the current is plotted as a function of
the logarithm of the scan rate, is 1.0, which is again consistent with
an adsorption-controlled process.

Using the relationship in Eq. 2, where E, represents the peak
potential, E,,/, is the half-wave potential, 7 is the number of electrons
transferred and « is the charge-transfer coefficient, the E, — E,»
value was computed as 98.4mV for the un-modified GCE and
78.0 mV for the activated GCE system. Taking n = 1, the o value
was computed as 0.60 for the activated GCE system, which is close
to the value of 0.55, which is normally taken as a representative «
value.

E, — Epp(mV) = (47.7/an) [2]

On comparing Figs. 6¢ and 6d, it is obvious that there is a clear
shift in the peak potential (E,) of about 110 mV from 1.25V vs SCE
for GCE to 1.14 V vs SCE for the activated electrode, indicating a
more thermodynamically viable oxidation reaction. In both cases,
linear relationships between the peak potential and logarithm of the
scan rate are observed. The linear regression equations were found as
Ep = 0.025 Inv + 1.24 (R = 0.980) (for the activated GCE under
steady state conditions, Ep = 0.046 Inv + 1.40 (R*> = 0.969) for the
unmodified GCE and Ep = 0.0411 Inv + 1.30 (R? = 0.695) (not
shown) for the freshly prepared activated GCE. The slope of the linear
plot can be expressed by Eq. 3, in accordance with the Laviron
equation’® where R and F are the universal constants and T represents
the thermodynamic temperature. Using this relationship, the an value
was computed as 0.55, 0.62 and 1.0 for the unmodified GCE, freshly
prepared activated GCE and the activated GCE in steady state
conditions. Applying the o value of 0.55 (for irreversible electro-
chemical reactions), the number of electrons involved in the electro-
chemical oxidation of MCPA was estimated as 1.0, 1.1 and 1.8
respectively, for the GCE, freshly activated GCE and steady state
activated GCE. The values obtained for the unmodified GCE, and
freshly activated GCE are in very good agreement with Scheme 1,
however the slope of 0.0205 V deviates considerably from the ideal
value of 0.0514 V for the activated GCE under steady state conditions.

Ep./logu = 2.3RT /anF [3]

Electrochemical detection of MCPA and performance of the
activated GCE sensor.—The performance of the activated GCE in
the electrochemical detection of MCPA was studied using a
combination of CV and DPV measurements. The activated GCE
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Figure 7. (a) Steady-state CVs recorded at 100 mV s~ for MCPA at concentrations from 1 to 850 uM, (b) peak current as a function of the MCPA
concentration, (c) steady-state DPVs of MCPA at concentrations from 2 to 365 M, (d) peak currents as a function of MPCA concentration, the inset shows the

concentration range from 2 to 10 uM (red curve recorded in phosphate solution).

was cycled for 30 cycles in the phosphate buffer solution and then
aliquots of MCPA were added and the voltammograms were
recorded. The resulting voltammograms are presented in Fig. 7a
where it is evident that the peak oxidation currents increase with
increasing concentration. These peak currents were plotted as a
function of the MCPA concentration, and these data are shown in
Fig. 7b. Excellent linearity was achieved with an R? value of 0.998
and the linear regression equation was deduced as, i = 0.4322
[MCPA] + 0.0427, where the concentration of MCPA was
expressed in mM and i in mA cm™. Moreover, very good
reproducibility was achieved, as indicated by the error bars.

The linear region extends over a considerable concentration
range, extending from 1 to 850 uM, as illustrated in Fig. 7b. The
detection limit (LOD) was calculated to be 0.02 M, based on Eq. 4,
where Sy, is the standard deviation of the base line and m is the
sensitivity, or slope, of the linear calibration plot. Similarly, the DPV
technique was employed to detect MCPA. These voltammograms
are displayed in Fig. 7c, while two linear regions are depicted in
Fig. 7d. Again, excellent linearity was observed at the low
concentration range from 2 to 10 uM, with the linear regression
equation, i = 0.978[MCPA] + 0.064 and an R? values of 0.993
(concentration of MCPA given as mM and i in units of mA cm).
The detection limit was calculated as 0.008 M.

35,
m

LOD = (4]

The sensing performance of the activated GCE sensor is
compared with previously developed sensors for MCPA and 4-(2,4

dichlorophenoxy)butyric acid, as shown in Table II. It is clearly
evident from this analysis that the simple activated GCE sensor
compares very well with these previous studies, giving a wider linear
range and lower LOD values.

Another important and significance element in the fabrication of
a sensor is selectivity. For these studies, a number of water
contaminants, such as nitrates, nitrites, sulfates, Cu(II) ions and
tetramethylammonium chloride (TBACI), a widely used industrial
chemical, which has also been used as a low-residue bactericide,
were employed. These salts were added to the MCPA-containing
solution and then the CVs were recorded in the interference-
containing solutions and compared with the data obtained in the
absence of the interferents. The level of interference was measured
using the relative current intensity, I/I, where I, refers to the
MCPA peak current in the absence of the interferent and 7 is
the corresponding peak current measured in the presence of the
interferent. This study is summarised in Fig. 8a, where the
interferent concentrations were set at 9.4 mM for NaNOg,
11.6 mM for NaNO,, 5.0 mM CuSO, and 3.0mM for TBACI,
giving equal mass ratios of 1:1 for MCPA and the interferent. It can
be observed that there is no significant interference observed for
these contaminants, the reproducibility is good, as evidenced from
the error bars and the difference between the pure MCPA and the
interferent containing MCPA solutions is well below 5%.

However, none of these contaminants are structurally related to
MCPA and therefore additional structurally related contaminants
were selected. The structurally related interferences include 3.2 mM
2,4-DB (4-(2,4-dichlorophenoxy) butyric acid), 5.8 mM o-NP (4-
nitrophenol), 5.8 mM p-NP (2-nitrophenol) and 5.6 mM 4-Cl-2MP
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Table II. Performance of MCPA electrochemical based sensors.

System LOD/uM Linear region/uM References
PANi/CNT/B-CD 1.1 10-50 19
PANi/CNT/3-CD 0.99 10-100 18
Powdered activated carbon (Norit SX-2) paste 0.7 10-500 20
Mesoporous silica SBA-15 carbon paste 1.3 10-500 20
YCo-porphyrin/molecularly imprinted polymer 40 200-2000 31
Activated/GCE 0.02 (CV) 1-850 This work
0.008 (DPV)
a) Employed in the detection of 4-(2,4 dichlorophenoxy)butyric acid.
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(4-chloro-2-methyl phenol). These all have phenol rings like MCPA,
and these compounds are also electroactive. Although the oxidation/
reduction of these compounds was indeed observed at the activated
GCE (data not shown) the redox waves were seen at lower potentials
compared with MCPA, giving no significant interference with the
detection of MCPA. This good selectivity may be due to hydrogen
bonding between the carboxylic group of the MCPA molecule and
the oxygenated groups, such as OH, which are generated during the
activation of the GCE.

Reproducibility and stability are equally important factors in the
performance of a sensor. For the reproducibility tests, the activated
GCE was cycled for 30 cycles in the MCPA solution to achieve
steady state conditions and then the activated GCE was used to
determine MCPA in five consecutive experiments, with washing
with deionised water between each test (results are summarised in
Table I). In addition, the stability of the activated GCE in the steady
state was monitored in the phosphate solution over 30 days, and
these data are illustrated in Fig. 8b. At different time intervals, the
sensor was removed from the phosphate solution and transferred to
the MCPA solution and the voltammograms were recorded. Then the
electrode was thoroughly rinsed with distilled water and transferred
to the storage solution. This was repeated several times to give the
data in Fig. 8b. While there is some variation over the 30-day period,
there is no evidence of any significant loss in the sensing ability of
the activated GCE, with the standard deviations in the peak currents
< 5%. This observation demonstrates clearly that the simple
activated GCE has very good stability under steady-state conditions.

Electrochemical detection of MCPA metabolite.—The activated
GCE can also be used in the electrochemical detection of the MCPA
metabolite. As shown in the voltammograms in Fig. 3, the oxidation
of MCPA gives an irreversible electrochemical reaction with a broad

(b)

Figure 8. (a) Normalised oxidation peak currents of MCPA vs the eight interfering substances with a mass ratio of 1:1; (b) the stability study of the activated

oxidation wave. This oxidation reaction leads to the production of 4-
chloro-2-methylphenol, as illustrated in Scheme 1. On extending the
electrochemical window to lower applied potentials the electroche-
mical behaviour of this product molecule was observed and this is
illustrated in Fig. 9a. The emergence of redox waves in the vicinity
of —0.10 V to 0.15 V vs SCE becomes evident. As shown in Fig. 9a
the broad reduction wave, labelled as Peak 1 depends on the
concentration of MCPA, increasing in magnitude as the concentra-
tion of MCPA is increased. The reduction of 4-chloro-2-methyl-
phenol has previously been described by Scheme 2.'° Interestingly,
this reduction wave was not seen at the unmodified GCE electrode,
while it is clearly evident at the activated GCE at relatively low
concentrations of 0.14 mM for MCPA. Moreover, Bialek et al.,20
observed only a single irreversible oxidation wave, corresponding to
the oxidation of MCPA, on cycling a modified carbon paste
electrode between the potential limits of 0.0 and 1.5V, suggesting
that the emergence of this reduction wave is connected with the
oxygenated species formed during the activation of the GCE.

In order to confirm this assignment, 4-chloro-2-methylphenol
was employed as the analyte. The freshly prepared activated GCE
was cycled in the 4-chloro-2-methylphenol (4-Cl-2MP) containing
solutions and the corresponding voltammograms, which were
recorded at different concentrations, are presented in Fig. 9c.
Clearly, peak 1 in Fig. 9a corresponds with the broad reduction
wave between 0.0 and —0.1 V vs SCE, evident in Fig. 9c¢, and this
peak is consistent with the reduction reaction outlined in Scheme 2.

The linear calibration curve obtained using steady-state condi-
tions in the 4-chloro-2-methylphenol is shown in Fig. 9d, where the
peak current of the reduction wave centred between 0.0 and —-0.1 V
vs SCE was used. Good linearity is achieved indicating that the
activated GCE is an effective sensor for the MCPA metabolite. On
further inspecting the voltammograms in Fig. 9c it is clear that these
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Figure 9. (a) CVs recorded for activated GCE at 100 mV s™! in MCPA at concentrations from 0.14 to 0.57 mM, (b) peak currents plotted as a function of MCPA
concentration, (c) CVs recorded for the freshly prepared activated GCE at 100 mV s~ in 4-chloro-2-methylphenol at 0.12, 0.16, 0.20, 0.24, 0.32, 0.36 and
4.0 mM, where the red trace was recorded in phosphate (blank) and (d) calibration curve recorded with activated GCE at steady state conditions in the detection

of 4-chloro-2-methylphenol.
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Schelllge 2. Reduction of 4-chloro-2-methylphenol as proposed by Rahemi
et al.
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Scheme 3. Electrochemistry of para phenol compounds.

resemble the electrochemistry of phenols.*® A clear oxidation wave
is seen at about 0.10 V vs SCE followed by a quasi-reversible couple
in the vicinity of 0.20V to 040V vs SCE, while an additional
oxidation wave is evident at about 0.70V vs SCE. The quasi-
reversible two electron, two proton transfer reaction, associated with
the conversion between the quinone and the hydroquinone com-
pounds, Scheme 3, can be assigned to the redox couple at about

0.39V vs SCE, with a peak separation of 26 mV. The oxidation
wave seen at about 0.1 V vs SCE is more difficult to explain, but it
appears to be connected with the initial reduction of the MCPA
metabolite, Scheme 2.

Conclusions

A new and simple electrochemical sensor for the detection of
MCPA was developed by the activation of GCE. Impressive
electrochemical detection was achieved, with a wide dynamic
linear region, extending from 1 to 850 uM and a LOD value of
0.02 uM obtained using cyclic voltammetry, while the LOD was
further reduced to 0.008 uM with DPV. This was accompanied by
good reproducibility and stability. It was further observed that
4-chloro-2-methylphenol produced from the oxidation of MCPA
was reduced at the activated GCE. This shows that the activated
modified electrode can not only be employed in the electroche-
mical detection of MCPA, but may also be used to follow the
degradation efficiency of MCPA by monitoring the 4-chloro-2-
methylphenol concentration.
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