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Introduction

EREIN, Multi Walled Carbon Nano-tubes a fabrication and application of a novel sensor

of carbon paste electrode modified by silica gel/MWCNTs for the determination of
salicylic acid (SA) by different voltammetric techniques such as Linear Sweep, Cyclic and
Square Wave Voltammetry. The electrochemical behavior of SA has been investigated and the
optimum experimental conditions such as the effect of supporting electrolyte, pH and scan rate
on the anodic peak of SA was determined. Square Wave Voltammetry (SWV) was employed
to determine SA, where the important parameters such as frequency were achieved. Moreover,
the results showed that modified electrode exhibited excellent electrocatalytic activity towards
the oxidation of SA. The results showed irreversible process with one oxidation peak of SA at
the surface of modified electrode and the overpotential of SA decreased significantly compared
with that at the bare carbon paste electrode (CPE). This electrochemical sensor shows an
excellent performance for detecting SA with a detection limit and limit of quantification were
0.9 x 10 M and 2.99 x 10° M respectively. In addition, the peak currents increased linearly
in the concentration range of 3.0-70 nM. The results showed also, the fabricated sensor was
successfully applied to the detection of SA in tomato with good recovery ranging from 96.60
to 103%, Moreover, the proposed electrode revealed good reproducibility and stability, with
standard deviation (S.D.) 2.3% for eight successive measurements of SA.

Keywords: Salicylic acid, Silica gel, carbon nanotubes, Carbon Paste electrode, Cyclic
voltammetry, Square wave voltammetry.

analytical methods had been developed to
quantify the concentration of SA in plants. Such

Plant growth regulators or plant hormones are
organic compounds that in very small amounts
regulate numerous aspects of plant growth,
development, and response to stress[1]. Salicylic
acid (o-hydroxybenzoic acid) is considered as
an important plant hormone. Where it is widely
distributed in various plants and acted as an
endogenous signaling molecule. In addition, it
plays a substantial role in the regulation of many
physiological processes such as flowering, heat
production, seed germination, stomatal closure,
membrane permeability, and ion absorption. Also,
it protects against biotic and abiotic stresses,
including drought, chilling, heavy metal, tolerance
heat and osmotic stress[2]. Consequently, many

as high-performance liquid chromatography[3],
gas chromatography-mass spectrometry[4], flow
injection atomic absorption spectrometry[5],
UV spectrophotometry[6] and voltammetric
methods[7—11]. However, most of these methods
are lengthy, expensive, require complicated
procedure expert knowledge and often need the
pretreatment step that makes them unsuitable
for routine analysis[12]. On the other hand,
voltammetric method is emerging as a powerful
approach due to the good electrochemical
activity of SA as well as high sensitivity and
simplicity of the method[13,14]. In this work,
a new electrochemical sensor based on carbon
paste electrode modified Silica gel/MWCNTs
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has been investigated to the determination of SA
in plant samples. In recent years, carbon paste
electrodes (CPE) have a wide application in
electrochemistry. This due to their advantages
over membrane electrodes such as speed, ease
of preparation, and stable response, renewability,
porous surface, low cost, no need for the internal
solution and low ohmic resistance[15—18]. Now
a days, modified Carbon Paste electrodes (CPE)
are found to enhance sensitivity of the electrodes
to obtain new sensor with suitable and predefined
properties[19]. Chemically modified electrodes
such as Silica gel are an inexpensive material,
which possesses some excellent properties
such as strong adsorption ability, high surface
area, high thermal stability, and easy surface
modification. Using silica gel as a modifier in
CPE has many functional groups to enrichment
the surface properties[20—22], Where(MWCNTs)
presented great performances in terms of response
time, increased sensitivity, resistance to surface
fouling, decreased over potential, mass transport,
catalysis, high effective surface area and detection
limit[22]. Moreover (MWCNTs) have been used
as modifier for carbon paste electrodes mainly
due to their unique physicochemical properties
such as ordered structure with high aspect ratio,
ultra-lightweight, high mechanical strength, high
electrical conductivity, high thermal conductivity,
metallic or semi-metallic behavior and high
surface area[23-25].

Experimental

Reagents and solutions

Standard SA was purchased from USA
Sigma-Aldrich, its stock solution was prepared
in absolute ethanol. The experiment working
solutions were prepared by diluting the stock
solution with a selected supporting electrolyte.
Different supporting electrolytes, namely KCI
(0.1 M), acetate buffer (0.1 M, pH 4.7), Britton-
Robinson buffer (0.1 M, pH 2-9), and phosphate
buffer (0.1 M, pH 2.0 and 7.4) solutions were
used.

All stock solutions were preserved at 4 C
when not in use and protected from daylight during
use in the laboratory. All other chemical reagents
were of analytical grade and used without further
purification. Aqueous solutions were prepared
with second distilled water further purified via a
Milli-Q unit (Millipore).

Apparatus and cell
A potentiostat model 263 (EG& G PARC)
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Princeton applied corporation (made in the USA),
305 magnetic stirrer (PARC). Electroanalytical
software model 270 / 250 version 4.0 (PARC)
which control the potentiostat via IEEE 488 GPIB
using IBM compatible 386 with a VGA monitor.
The characteristic of modern stripping analyzer
potentiostat is controlled which minimizes errors
from the cell resistance (distorted voltammogram
with decreased peak current and shifted and
broadened peaks). This is accomplished with a
three-electrode system, the working electrode
is carbon paste electrode modified by silica
gel/MWCNTs electrode, the Ag/AgCl used as
reference electrode while a Pt wire was used as
the counter electrode.

Preparation of carbon paste electrode modified
by Silica gel/MWCNTs

The modified electrode is prepared by mixing
60% of pure graphite (99.9%) with (10% of
MWCNTs+5%Silica gel) in the presence of 25%
from paraffin wax as a binder. The mixture is
heated and then packing in a Teflon tube with a
2mm diameter. Finally, a copper wire is immersed
in the paste to contact with the cell. To activate the
electrode surface, cyclic voltammograms were
applied in phosphate buffer solution (pH = 5)
between 0 and 1.0 V till a steady voltammogram
was obtained. By recording the current-voltage
curve at different scan rates the active area of the
electrode was obtained by cyclic voltammetry
(CV) method using 1.0 mM K Fe(CN), in 0.1
M KCI. For a reversible process, the following
Randles-Sevcik formula was used [26].

Ip=(2.69x109n*?AD *5v*<C, (eq-1)

Where Ip refers to the anodic peak current,
n is the number of electrons transferred, A is
the surface area of the electrode, DR is the
diffusion coefficient, v is the scan rate and Co
is the concentration of K .Fe(CN),. For 1.0 mM
K,Fe(CN), in 0.1 M KCl electrolyte, n= 1, D, =
(7.6 x 107¢ cm? /s), then the electroactive area was
calculated from the slope of the plot of Ip versus
V%3, relation. The effective surface area was
0.0173 ¢m? for bar CPE and increased to 0.062
cm?when modified with silica gel/ MWCNTs.

Extraction of salicylic acid from plant samples
(tomato leave samples)

Tomato leaves with normal sizes
were collected to extract salicylic acid for
square wave voltammetric determination
according to previous protocols [27]. Briefly,
tomato leaves were ground in liquid nitrogen
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and resuspended with propanol/water/HCI
(2:1:0.002 in volume ratio) in a vial followed
by oscillation. Dichloromethane was added for
the first extraction and centrifugation. Then,
the supernatant was collected and the residue
was mixed with dichloromethane for second
extraction and centrifugation. Both supernatants
were mixed and then dried. Methanol dissolve
added to solve the sample by sonication. The
methanol solution consisting of samples was
passed through the activated C18 column and
eluted with methanol. The elution solution with
the volume of 2 mL was collected in 4mL bottle
and dried with a vacuum at 35 °C. Their residue
was solved with 0.5mL methanol and then
transferred to a 2mL empty bottle followed by
drying with a vacuum. Finally, the dissolved was
solved in 400 mL mixture of methanol /formic
acid solution with a ratio of 1:1.

Results and Discussions

Cyclic Voltammetry (CV)

The electrochemical behavior of SA was
studied by using cyclic voltammetry technique.
The votammograms of SA at the (a) bare CPE
and (b) CPE modified by silica gel/MWCNTs
in the presence of 150 uM SA (phosphate
buffer, pH= 2) was shown in Fig. 1. It was
founded only one oxidation peak in anodic
direction at about 1.16V and no reduction peak
was observed on reverse scan that is means
the reaction is totally irreversible. The anodic
current peak increases about 0.21 pA by the
modification with silica gel/ MWCNTs which
indicates that a higher amount of species was
oxidized, while the peak potential shifts to
more negative values show the higher facility
in oxidizing these species, which enhanced
the electrocatalytic activity of the modified
electrode towards the oxidation of SA.

On the other hand, a typical cyclic
voltammogram of SA in sodium phosphate buffer
is depicted in Fig. 2. The first anodic scan shows
only a peak /a, whose peak potential appears
around 1.16V depending on the pH, scan rate (v)
and SA concentration. On the reverse scan, no
complementary reduction peak is observed for /a
inall the range of scan rates studied. This behavior
is typical for a fast irreversible chemical reaction
couple to the charge transfer [28,29]. At potential
around 0.68V, a new couple (peaks Ilc and Ila)
are defined, which are assumed to correspond
to the reduction-oxidation of a product of the

coupled chemical reaction. The nature of this
product was not determined, but it might be
several different soluble compounds[30] which
can be expected to undergo the reversible redox
reaction in this potential zone[31]. These results
are in agreement with the previous report for SA
[10,32,33].

Electrochemical effects of the Supporting
Electrolyte, its pH and scan rate on SA oxidation
peak

it’s a very important stage to achieve
the optimum conditions to determine SA by
studying the effect of supporting electrolyte,
its pH value, and scan rates. SA is studying the
effect of supporting electrolyte, its pH value,
and scan rates. the properties of the solution
as well as the electrode solution interface,
modifying the adsorption at the electrode
surface, and the thermodynamics and kinetics of
the charge transfer process[34]. Therefore, the
effect of different supporting electrolytes such
as (perchloric acid solution, Britton—Robinson
buffer, acetate, and phosphate) was examined
on the oxidation peak of SA at the same of
conditions.

The shape and the height of the oxidation
peak of SA were taken into consideration in
choosing the suitable supporting electrolyte. The
results showed that the suitable oxidation peak
of SA was found in sodium phosphate buffer.

The variation of pH values of supporting
electrolytes is an important factor that affects
the electrooxidation process of SA compound in
aqueous solutions. The effect of pH was studied
to determine the optimum pH value and helps
to insights into the mechanism of the oxidation
of SA on CPE modified by silica gel/ MWCNTs.
The pH of phosphate buffer was examined over
rang from (pH=2.0 to pH=9.0) on the oxidation
peak of SA using linear sweep voltammetry at
scan rate 50mVs'. Fig. (3A) showed that the best
peak shape and the highest current was obtained
at pH value equal 2. Also the oxidation currents
of SA decreased gradually with increasing the
pH value in agreement with previous studies[11];
the. Fig. (3b) illustrated the relation between Ep
and pH values which give a linear relation as
expressed in the following equation:

Ep (V)= 0.62- 0.04532 pH r=0.995 (eq-2)

with a slope of 0.453(V/pH), this value suggests
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Current (LA)

Fig.1.Cyclic voltammogrames of 1 x 10°M of SA in
phosphate buffer pH=2, at scan rate = 50
mVs-1 on the surface of

(a)_bar CPE.

(b)_ CPE modified by Silica gel/MWCNTs.
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Fig. (3A). Effect of pH on the oxidation peak current
of 1 x 105 M of SA at 50mV/s-1 scan
rate using CPE modified by silica gel/
MWCNTs.

an equal number of electrons and protons in
the SA oxidation[35]. These displacements are
in accordance with the ones reported in the
literature for SA oxidation[36].

The electro oxidation peak (1 x 10°M) of
SA in phosphate buffer at pH=2.0 using CPE
modified by Silica gel/ MWCNTs was studied at
different scan rates varying from 5 to 300 mV/s.
By increasing scan rate the oxidation peak current
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Fig. 2.Repetitive cyclic voltammogram of 3 x 105 M
of SA in phosphate buffer pH=2, at scan rate
=50 mVs™! using CPE modified by Silica gel/
MWCNTs .
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Fig.(3B).The relation between oxidation peak
potential versus pH of 1 x 10 of SA at
50 mVs™! scan rate using CPE modified by
Silica gel/MWCNTs.

increased [37,38] and shifted slightly to the
positive side as shown in Fig (4A). But at scan rate
more than 250 mV/s the peak shape was distorted
especially at high concentration of SA. The plots
of oxidation peak currents against the square root
of the scan rates exhibited a linear relationship
that demonstrated in Fig. (4B):

Ip=-27.85 + 19.41v ®9 (mV/S)(r*=0.998)(eq-3).

meaning that the electrocatalytic oxidation of SA
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is diffusion control [35]. A plot of the logarithm
of peak current versus the logarithm of the scan
rate shown in Fig. (4C) gave a straight line with a
slope of 0.56:

log (Ip)= 0.171 + 0.56 log (v) (r*= 0.995) (eq-4).

this slope (o =0.56) is very close to the theoretical
value of 0.5, which is expected for a diffusion-
controlled process[39]. Also Plotting the relation
between Epa vs. log scan rate (v) produces a

straight line with the linear regression as illustrated
in Fig.(4D), according to the following equation

E=0.91 + 0.08 log (v) (r*=0.995) (eq-5).

The total number of participate electrons was
calculated from Laviron equation:

AE/(ALog(v)=59/na

(Where a is the electron transfer coefficient) and
found to be 1.3 that is mean only one electron is

(eq-1).
COOH COOH COOH COOH
_ 0 :
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A
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Fig. (4A). Effect of diEf{fgllrent scan rate on the
oxidation peak of 1 x 10°M of SA in
0.1M phosphate buffer pH=2.0 using
CPE modified by silica gel/ MWCNTs.

involved in the oxidation process of SA at the
fabricated sensor. So the expected mechanism
for the oxidation of SA can be expressed by the
following equation[11].

Electroanalytical determination of SA

For the electroanalytical determination of SA,
SWYV was mainly chosen due to its high speed and
high sensitive relative to other pulse voltammetric
techniques [31]. One of the most important

Scan rate” (mV)*®

Fig. (4B). The relation between the peak current and
the square root of scan rate of 1 x 10°M of
SA in 0.1M phosphate buffer pH=2.0 using
CPE modified by silica gel/ MWCNTs

parameters of SWV is the frequency. Since it
determines the sensitivity of this method. The
effect of SWV frequency in the peak current was
investigated in the range of 10 to 250 s™' as shown
in Fig.5 (A). It is founded that peak currents
increased with the frequency due to the increase
in the effective scan rate but the peak shape and
baseline were distorted at frequencies higher than
100 Hz. The good linearity between peak current

Egypt. J. Chem. 62, Special Issue (Part 1) (2019)
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(Ip) vs and frequency (f) until 100 s~ as illustrated
in Fig.5 (B), with the linear regression equation:

Ip(pA)=4.074 +0.102 xf(S ) (1’=0.997)(eq-6)

That confirms the irreversible nature of the SA
oxidation process, which is in accordance with
the SWV theory[40]. So the frequency of 90(s
") was chosen for the analytical determination of
SA.Fig.5(C), shows the linear displacement of
the peak potential (Ep) with the increase of the
frequency according to the equation:

Ep(V)=1.075 + 0.097 xlog(f) S™ (*= 0.997) (eq-7)

the no value was calculated according to the
equation:

AE/(Alog(f) = (0.059)/ na. (eq-8)

The slop was found to be 0.608 which is very
close to that calculated previously using LSV. That
is confirmed our results that obtained. The pulse
high and the pulse amplitude were also varied and
the best values for both parameters were fixed at
10 mV and 50 mV, respectively.

ip(uA) = 2381 +161.2709C(M) (*=0.998, n = 10) (eq-9)

Ip(wa

Current(pA)

< g

logthy 1 9 10 11 1 13 14 18

E:(V)

Fig.(5A). SWV of 5 x 10 M of SA in phosphate buffer
(pH=2.0) for various frequencies using
CPE modified by Silica gel/MWCNTs.

t

Effect of concentration and calibration curve

The influence of SA compound concentration on
the oxidation peak current was studied over the range
(3 x 10°— 7 x 10®M) under the optimum condition
in phosphate buffer (pH=2) at S0mV/s. It was found
that the oxidation peak current of SA at a potential
of + 1.16V increased proportionally with the SA
concentration increases as shown in Fig. (6A).

On plotting concentration of SA versus peak
current of different concentrations of SA. A good
Linear relation was obtained as illustrated in Fig.(6B)
using the regression line as shown in equation (10):

ip(uA) = 2.381+161.2709C(uM) (r *=0.998,
n=10) (eq-10)

Practically, the limit of quantification (LOQ)
was found to be 2.99°'10 M of SA under the
optimum conditions of phosphate buffer, pH=2,
and scan rate 50::mV/s, where limit of detection
(LOD) was calculated based on the following
equation[41]:

LOD=3 S/m.(eq-11)

Where(S) is the standard deviation of the peak

144
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Fig.(5B). The relation between the peak current Ipa
(nA) versus frequency(f s') of 5 x 10° M
of SA in phosphate buffer (pH=2.0) using
CPE modified by Silica gel/ MWCNTs.

126

Ep(¥)

16

log(fs’)

Fig.(5C) .The relation between peak potential Epa (V) and log of frequency (fs-1) of 5x10-6 M SA in phosphate
buffer (pH=2.0) using CPE modified by Silica gel/MWCNTs .
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§4{ a=phosphate buffer
b=3x10"
e=5x107
d=6x10"
e=8x10"
o f=1x10°
g=2x10"
h=5x10"
i=7x10"

Current (mA)

E(V})

Fig. (6A). SWYV for different concentrations of SA
in phosphate buffer pH=2.0 at 90(s-1)
frequency using CPE modified by silica
gel/MWCNTs.

current (three runs) of the lowest concentration
of the linearity range and (m) is the slope of
the related calibration equation. So LOD was
calculated to be 0.9 x 10° M.

Reproducibility, stability, and interference study
The reproducibility of CPE modified by
Silica gel/MWCNTs was examined by eight
successive measurements of 1x10°M of SA under
the optimum conditions. No obvious change in
peak current was observed. This confirms that
(CPE modified Silica gel\MWCNTs) is highly
stable. And the relative standard deviation (RSD)
was calculated to be 2.3%, which indicates
an acceptable reproducibility for the modified
electrode. In order to evaluate the selectivity of the
modified electrode the possible interferences were
investigated at the surface of CPE modified Silica
ge\MWCNTs. The effect of various possible
interferents such as some metal ions (which are
bound up with growth of plants, carbohydrates,
organic acids, amino acids and phytohormone
compounds (which are usually present in the
plants) were examined on the determination
of 1 x 10°M of SA, and the corresponding
voltammograms were recorded. The tolerance
limit was defined as the maximum concentration
of an interfering substance that causes a relative
error more or less than + 5% for determination of
1 x 10°°M of SA. At about 200-folds of K*, Na®,
Mg?*, Ca*", Zn*, Cu*", Fe*', gibberellic acid, and
abscisic acid were added to a concentration of
1'10—6 M of SA at the surface of CPE modified
Silica ge\MWCNTs that is shown in Table (2). In

12=0.998
ip(mA)=2.381+161.2709 C(uM)

0.00 0.01 0.02 0.03 0.04

Fig. (6B). Calibration Curve of different
concentration of SA in phosphate buffer
pH=2.0 at 90(s-1) frequency using CPE
modified by silica gel/MWCNTs.

addition, 150-fold of other organic species such
as the effect of benzoic acid, citric acid, oxalic
acid, sucrose, and glucose were studied on the
peak current of 1 X 10°M of SA. We found that
no obvious effect on the peak height of 1 x 10
M of SA at CPE modified Silica ge\MWCNTs
surface and that is illustrated in Table (2). On the
contrary, the addition of 70-folds of L-alanine
and L-cysteine to 1'10—6 M of SA were studied.
The results demonstrated that all examined
compounds have no effect on peak current of 1
x 10°M of SA at the surface of CPE modified
Silica ge\MWCNTs under optimum conditions
and the all data collected in Table (2). This means
that the proposed method was found to be quite
satisfactory for the selective determination of SA.

Analytical application

This proposed method was used to determine
SA in tomato leave samples applying the optimum
conditions selected before. The Recovery of SA
was calculated by comparing the concentration
obtained from the spiked mixtures with those of
the pure SA using the following equation:

Recovery %=((QDET-QP)x100)/QADD (eq-12)

Where Q.. represents mM of Salicylic acid
determined in the extracted sample, QP represents
mM of Salicylic acid previously present in the
extracted sample and Q, , is mM of SA added to
the extracted sample. In Table 3, the results of the
analysis of spiked samples of orange and lemon
fruits are shown. It was found that SA amount

can be quantitatively recovered by the proposed
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TABLE 1. Comparison between our study and other studies using the same techniques.

Reference LOD (M) Working Electrode Voltamfnetlc
Technique
(1] 068 x 107 Modlﬁed CPE with .nlckel nickel DPV
titanate nano ceramic
9] 0.10 x 10 Gold elegtrode modified with copper DPV
nanoparticles
0.80 x10° Modified glassy carbon electrode with
[8] ’ a well-aligned multiwalled carbon DPV
nanotubes
ITO substrates modified with layer-by-
[10] 10.5 x 10+ layer films of carbon nanotubes and DPV
iron oxide nanoparticles
Present study 0.9 x 10” CPE modified by Silica ge\MWCNTs SWV
TABLE 2. Effect of interferences on the oxidation peak current of 1 x 10°M Salicylic Acid.
Foreign species Concentration (M) .
. Signal change (%)
Upper Limit
Na* 2 % 10* +1.15
K* 2 x10* +3.05
Zn* 2 x 10 -3.60
Cu* 2 x10% -4.70
Mg* 2 x 10* -3.20
Ca?* 2% 10% -2.70
Fe3* 2 x 10 -3.50
Gibberellic acid 2 x 10+ -2.55
Abscisic acid 1.5 % 10* -3.95
Citric acid 1.0 x 10 -4.65
Benzoic acid 1.0 x 10 -3.33
Oxalic acid 1.0 x 10 -4.30
Sucrose 1.5 % 10¢ -3.40
Glucose 1.5 % 10° -3.25
L. Alanine 7 %107 -4.02
L. Cysteine 7 %107 -3.60
TABLE 3.Results of analytical application and recovery of SA in Tomato.
Recovery (%) Level determined [SA]
SA added (uM)
(uM)
96.60 4.38
103.00 10.30 10.00
97.00 19.40 20.00

Egypt. J. Chem. 62, Special Issue (Part 1) (2019)
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method, is thus a guarantee of the accuracy of
the voltammetric determination of SA in tomato
leaves.

Conclusion

In this study, a new sensor CPE modified by
silica gelMWCNTs was prepared. with special
characters such as, large specific surface area
and good biocompatibility, as well as favorable
electrochemical comparing to unmodified electrode
The electrochemical oxidation of SA over the
surface of CPE modified by silica gel/MWCNTs
was investigated. It was demonstrated that the new
sensor exhibits a higher electrocatalytic activity,
selectivity, reproducibility and sensitivity towards
SA oxidation. From the CVs and the other analytical
measurements, it was clear that from the CVs and
the other analytical measurements, it was clear
that the reaction of SA irreversible and the anodic
current achieved under diffusion-controlled of SA
irreversible and the anodic current achieved under
diffusion-controlled. Also, the anodic peak current
was strongly depends on pH values, scan rates and
concentrations of the analyte. And good linearity
range was obtained after achieved the optimum
conditions to detect SA .The limit of detection was
estimated to be 0.9 x 107.
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