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Abstract

Electrochemical modification of carbon-paste electrode (CPEs) by silver particles and its applicability for electroanalytical
determination of 4-nitroaniline (4-NA) were reported in this study. Electrochemical surface modification was performed by
cyclic voltammetry within the range from 600 to — 400 mV in solution containing 0.5 mmol L' AgNO; dissolved in 0.1 mol L'
of KNOj at the scan rate of 10 mV s’ by applying 1.5 cycles (six segments). Silver particles deposited onto surface of carbon-
paste electrode (Ag-CPE) were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The pro-
posed catalyst exhibits remarkably an electro-catalytic performance toward 4-nitroaniline reduction. The catalytic peak current
obtained by differential pulse voltammetry (DPV) was linearly dependent on the 4-NA concentration over the range of 8.0 x 10®
to 1.0x 10* mol L™ with a detection limit of 4.18 x 10~® mol L™". The proposed sensor was successfully applied for 4-

nitroaniline determination in drinking water samples.
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Introduction

4-Nitroaniline is an aromatic nitro compounds largely used as
an intermediate or precursor in the manufacture of various
industrial and high-volume chemicals including pesticides
[1, 2]. Thus, it has been reported as a contaminant in environ-
ment up to 100 mg L' [3] usually in agricultural soil from the
application of such biosolid as a part of fertilizer [4] and from
pesticide natural transformation [1, 5]. It has been cited in the
list of priority pollutants and subjected for treatment [2] be-
cause of its chemical stability and persistence [6—8] along with
toxicological effects to living organisms and human health
even at small amounts [9, 10]. An important environmental
concern has emerged for water analysis [11-13]. Untimely
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detection of aromatic nitro compounds is important to guard
water resources and food supplies, to fortify against terrorist
activity, and in the monitoring of detoxification processes
[14]. Consequently, there are growing demands for field-
deployable devices for reliable on-site monitoring of aromatic
nitro compounds [15—17]. The 4-nitroaniline is widely detect-
ed using electrochemical methods by dint of their impressive
advantages of simple operation, inexpensive, portable instru-
ment, and high signal-to-noise ratio when they are compared
with sophisticated methods [18].

In latest years, chemically modified electrodes (CMEs)
have been used for the quantification of various organic and
inorganic species after open-circuit accumulation [19, 20].
Many modifying agents have been used either as coatings
on solid electrode surfaces or dispersed within a conductive
matrix [21]. Thus, they are widely used in the voltammetric
detection of organic compounds by dint of their efficiency and
sensitivity. The design of new nanoscale materials has ac-
quired ever-greater importance in recent years owing to their
various applications. Among these materials, metallic parti-
cles are of great interest due to their numerous properties
[22, 23]. Several methods defining the synthesis of silver par-
ticles in solution as well as by deposition on solid surfaces
have been presented. These include chemical synthesis
through the use of different reducing agents [24], electron
beam irradiation or UV light [25], and electrochemical
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methods [26-29]. The latter methods provide an easy and
rapid alternative for the synthesis of metallic particles.

In this paper, silver particles electrodeposited onto carbon-
paste electrodes were used. Electrocatalytic studies of 4-
nitroaniline reduction and their determination were investigat-
ed using cyclic voltammetry (CV), chronoamperometry, and
differential pulse voltammetry (DPV) techniques. The exper-
imental parameters affecting peak potential shifting and inten-
sity were evaluated and the catalytic parameters of the elec-
trode process were detailedly discussed. Finally, this electrode
was successfully applied to determine trace amounts of 4-
nitroaniline in real samples with satisfactory anti-interference
ability.

Experimental section
Chemicals and reagents

All chemicals used in the present work were of analytical
grade or of the highest purity available. Potassium nitrate,
sodium hydroxide, silver nitrate, acetic acid, phosphoric acid,
and boric acid were obtained from Merck (Darmstadt,
Germany), Fluka (St. Gallen, Switzerland), and Riedel de
Haen (Seelze, Germany) and were used as received. 4-
Nitroaniline purchased from Sigma-Aldrich was dissolved in
0.1 mol L' Britton-Robinson Buffer (B-R; pH 2) to prepare
stock solution of 1.0 x 10> mol L' 4-nitroaniline. By dilut-
ing the stock solutions, the working standard solutions were
prepared. Paraffin was used as the pasting liquid for the
carbon-paste electrode (CPE). Carbon paste was supplied
from Carbone Lorraine (Lorraine, France; ref. 9900). All these
experiments were performed using distilled water, and at room
temperature.

Apparatus

All electrochemical measurements in the present study were
carried out with a voltalab potentiostat/galvanostat/EIS elec-
trochemical analyzer (ZIVE Lab sp1, WonATech, Korea) con-
trolled by the general purpose electrochemical systems data
processing software (Smart Manager). The electrochemical
cell was configured to work with three electrodes, using silver
deposited onto carbon paste (Ag-CPE) as the working, plati-
num wire and Ag/AgCl/KCl (3 M) as counter and reference
electrodes respectively. The pH meter (Radiometer, SensION;
PH3, Leganes, Spain) was used for adjusting pH values.

Procedure of the modification of CPEs
CPEs were prepared according to the following procedure

[30]. A portion of the homogeneous paste was firmly packed
in the electrode cavity (laboratory made, 0.1256 cm?
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geometric surface area) and was polished by smooth paper.
A carbon bar was used to establish the electrical contact.

To deposit Ag particles onto CPE, it was soaked in an
electrochemical cell containing 0.5 mmol L™" of AgNO5 dis-
solvedin 0.1 mol L ™! of potassium nitrates (KNOj3) electrolyte
solution. The Ag particles were fixed on the surface of the
electrode with cyclic voltammetry between potential ranges
from 600 to —400 mV for 1.5 cycles (six segments). The
prepared electrode was then transferred into a cell containing
0.1 mol L' Britton Robinson buffer (pH 2) and 4-nitroaniline.
Cyclic voltammetry and differential pulse voltammetry were
performed in the potential range of 200 to —800 mV.
Chronoamperometric measurements were performed at poten-
tial of —500 mV. All experiments were performed in the at-
mospheric conditions.

Results and discussion
Electrochemical behavior of 4-nitroaniline

Figure 1a shows the individual CV results in B-R buffer solu-
tion (pH 2) containing 1.0 x 10> mol L™ of 4-nitroaniline
using (CPE) (a) and (Ag-CPE) (b) respectively. The two elec-
trodes exhibited a reduction response toward 4-nitroaniline
within the electrochemical window from 200 to —800 mV.
By comparing the behaviors of (CPE) and (Ag-CPE) elec-
trodes, the cathodic peak potential of 4-nitroaniline was pos-
itively shifted from — 607 to —230 mV when using the mod-
ified electrode. More than this potential shift of 370 mV, the
reduction peak current was also increased at the Ag-CPE elec-
trode compared to CPE.

Effect of Ag electrodeposition conditions on 4-NA
responses

The influence of the experimental conditions of Ag electrode-
position (scan rate, sweeping potential range, number of cy-
cles, and concentration of silver in KNOj3 solution) on the
potential and intensity of the 4-nitroaniline reduction peak
were studied.

Scan rate is one of the most important parameters. Their
influence on the electrodeposition of silver particles onto
(CPE) to reduce 4-nitroaniline was studied. The experiments
were carried out in a solution of 0.1 mol L' KNOs containing
5.0x107* mol L' of AgNOj; in the range from 1 to
30 mV s ' as shown in Fig. 1b. The high intensity with pos-
itively shifted cathodic peak potentials was obtained at a scan
rate of 10 mV s~ '. Moreover, the range of electrodeposition
potential was studied by testing a variety of sweeping poten-
tial ranges, which some of them is summarized in Fig. 1c. The
result demonstrates that the (Ag-CPE) electrode prepared in a
sweeping potential range of 600 to —400 mV is efficient for
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Fig.1 aCVof1.0x 10~ mol L™' 4-NA for CPE (A-a) and Ag-CPE (A-
b) at scan rate of 100 mV s ' in 1.0x 10" mol L' B-R (pH 2). b, ¢, d,
and e represent the influence of the experimental variables of the Ag

the 4-nitroaniline detection. Similarly, the highest response
was also improved when the electrode prepared for the total
segments of six (Fig. 1d).

The deposition process was also depends on the concentra-
tion of reacting (electroactive) ions. Therefore, the effect of
the latter on the response of 4-nitroaniline was studied in a
concentration range of 1.0 x 107> to 1.0 x 10> mol L™" of
AgNO; dissolved in cell containing 0.1 mol L ! KNO; The
highest response was reached for 0.5 mmol L' AgNOs;,
above this concentration, a poor response for 4-nitroaniline
is obtained (Fig. 1e). This behavior was attributed to the for-
mation of a partial silver film on (CPE) [31].

Hence, for all succeeding experiments, 0.5 mmol L'
AgNO; under the scan rate of 10mV s~ with a total segments
number of six in the sweeping potential range from 600 to —
400 mV were used to deposit silver particles onto carbon-
paste electrode (CPE) surface.

Characterization of Ag-CP

The procedure for modification of carbon-paste electrode by
electrodeposition of metallic silver particles, as well as their

electrodeposition (scan rate, potential range, cycle number,
concentration of silver in electrolytic solution respectively) on DPV
responses of 4-nitroaniline ([4-NA] = 10~* mol L™" in B-R buffer pH 2)

characterization, has already been carried out in our laboratory
by Farahi et al. [32]. The X-ray diffraction analysis of silver
deposited on carbon paste (Fig. 2a) shows the formation of
silver particles. In fact, the presence of three peaks of metallic
silver at 20 of 38.18, 46.62, and 66.42 affirms the metallic
state of the coated silver. The SEM images (Fig. 2b) confirm
that the carbon-paste surface becomes gray by formation of
silver particles, indicating that they are deposited in aggregat-
ed form.

Catalytic study of Ag-CPE on 4-nitroaniline reduction
Effect of scan rate

The scan rate effect on cathodic peak current of 4-nitroaniline
was investigated at the (Ag-CPE) electrode under the concen-
tration of 1.0 x 10> mol L™ 4-nitroaniline in 0.1 mol L' B-R
buffer solution (pH 2). The reduction peak current of 4-
nitroaniline increased gradually by increasing the scan rate
(Fig. 3).

The relationship of current and scan rate was a nonlinear
when the scan rate increased from 1 to 400 mV's . However,
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Fig. 2 X-ray diffraction (XRD)
patterns and imagery by scanning
electron microscopy of CP and
Ag/CP after electrodeposition
step
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the perfect straight linear relationship between reduction peak
current of 4-nitroaniline and the square root of scan rate ')
was confirmed according to the following equation with de-
termination coefficient of 0.984:

Ip, (HA) = —36.13 /25321 (mvl/2 sfl/z). (1)

This kinetic is expressed by the electronic transfer coeffi-
cient («v) and appears in the equation relating the peak inten-

sity:
Ip = (2.99 x 107°) o'/2 n¥2A D' V12 C. (2)

With C: concentration of 4-nitroaniline species in solution
(mol L™Y); A: area of the electrode (cm?); D: diffusion coeffi-
cient (cm® s '); and v: scan rate (Vs '). The fact suggests that
the reaction of 4-nitroaniline on the surface of (Ag-CPE) elec-
trode is typical diffusion-controlled process [33]. Besides, the
electrochemical reduction of 4-nitroaniline at the (Ag-CPE)
electrode was still irreversible, which can be testified by the
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potential of 4-nitroaniline (Ep.) varied with logarithm of scan
rates (Log v). The reduction peak potentials shifted progres-
sively toward the negative direction with the scan rate varied
from 1 to 400 mV s~ '. The fact can be reasonably explained
from the limitation arising from charge transfer kinetics.

Further, to calculate the electronic transfer coefficient ()
and number of electrons transferred in the rate determining
step (n), the Tafel slope (@) was calculated from the plot of
peak potential (Epc) vs log scan rate (log v) using the follow-
ing equation:

Epc/AgCl = (a/2 log v) + constant. (3)

As shown in Fig. 3, the reduction peak potential of 4-
nitroaniline is proportional to log v with a slope value of —
0.109 V/AgCl and the calculated Tafel slope value (a) is
0.218 V from Eq. (3). From the slope value (@), the transfer
coefficient («) and number of electron transferred in the rate
determining step () are calculated using the equation:

y=2303RT/axn F (4)
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Fig.3 CVsof1.0x 10 mol L' 4-NA in 0.1 mol L' B-R buffer (pH 2); a CVs at scan rates of 1, 10, 20, 50, 80, 100, 150, 200, 300, and 400 mV's '; b
Variations of /p with root of scan rate; ¢ Variations of Ep with logarithm of scan rate

where y is Tafel slope (a), « is transfer coefficient, z is number
of electrons transferred in the rate determining step, and R, 7,
F are gas constant, temperature, and Faraday constant respec-
tively. A value of 0.30 for « n is calculated using the above
equation indicative of the overall four electrons process in-
volved for the 4-nitroaniline electro reduction and the first
electron transfer is the rate-determining step.

Effect of pH on peak potential

The voltammetric behavior of the 4-nitroaniline was charac-
terized at various pH values using CV. Figure 4 presents the
CVs of the modified electrode in solutions at various pH
values ranging from 1.02 to 11.74. It is found that the peak
potentials shifted to more negative values with the increase of
buffer pH, implying that protons were involved in the elec-
trode process. A good linear relationship was got between the
formal peak potential (Ep) and buffer pH with the regression
equation as Ep (mV)=—123.6x —24.03. The slope value of
—123.6 mV/pH is higher than the theoretical value of —
59 mV/pH at 25 °C and elucidated that the transfer-electron
numbers were fewer than those of the proton numbers taking
part in this reaction [13].

Chronoamperometric measurements

Catalytic reduction of 4-nitroaniline by the modified electrode
was also studied by chronoamperometry. (Figure 5a) shows
the chronoamperometric measurements for 4-nitroaniline. The
figure represents the current-time profiles obtained by setting

the working electrode potential at —500 mV for various 4-
nitroaniline concentrations.

Chronoamperometry was also used to estimate the diffu-
sion coefficient of 4-nitroaniline. For an electroactive material
with diffusion coefficient D, the current response under diffu-
sion control is described by the Cottrell equation [34]:

Ip = nFACD'?7!/2 £1/2 (5)

where Ip is the catalytic current of the suggested electrode in
the presence of 4-nitroaniline, F'is Faraday constant (96,498 C
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Fig. 4 CVs (at 50 mV/s) of 1.0 x 1073 mol L™ 4-NA at different values
of buffered pH. Inset: Plot of £ versus pH
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(0.1256 cm?), D is the diffusion coefficient (cm® s '), C is
the concentration of 4-nitroaniline (mol L"), and 7 is the time
elapsed (180 s). The plot of 7 vs. /% at various 4-nitroaniline
concentrations was linear (Fig. 5b). From the slopes of the
resulting straight lines and the 4-nitroaniline concentrations
(Fig. 5¢), the average value of D was calculated to be 2.91 x
10°cm? s

The value of the catalytic rate constant (k.,) between 4-
nitroaniline and modified electrode can be evaluated using the
obtained chronoamperograms and the following equation
[35]:

Ie/lu= T2 [r 2 et (Y/2) + exp (7)/ 7'/ (6)
where, I} and I are the currents in the absence and presence
of 4-nitroaniline, respectively.

Y =kCyt is the argument of error function. Cy, &, and ¢ are
concentration of 4-nitroaniline in bulk solution, catalytic rate
constant and elapsed time, respectively. When T exceeds 2,
the error function is almost equal to 1 and the equation can be
summarized to:

Ic/IL = 7272 = 72 (kCor)' /. (7)
Therefore, from the slope of the Ic/I; versus '/ plot
(Fig. 5d) and the above equation, the mean value of k., was

found to be approximately 6.43 x 10 * mol ' Ls™".
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Calibration data and interference effect

Before establishing the calibration curve, we were interested
in optimizing the various electrochemical variables (step,
pulse, width, and period) that influence the determination of
4-nitroaniline at Ag-CPE using the DPV method. From the
obtained results, it was found that the best response to 4-
nitroaniline was recorded with 10 mstl, 140 ms, 470 mV,
and 500 ms for step, pulse, width, and period, respectively.

On the other hand, the pH effect on cathodic current inten-
sity of 4-nitroaniline was also evaluated. The results show that
the peak intensity of 4-nitroaniline reduction increased when
decreasing the value of pH solution. Therefore, the maximum
intensity is obtained with pH = 1.34, which was used for fur-
ther work.

Finally, in order to observe the effect of accumulation time,
(Ag-CPE) was inserted into a cell containing 20 mL of the 4-
nitroaniline at open potential for different times (0, 60, 120,
180, 240, 300, 360, 420, 600, and 900 s), and then the
resulting responses of the prepared electrodes were evaluated
to determine the optimum value. The increase of peak current
with increase of accumulation time indicated that 4-
nitroaniline can be accumulated at the surface of CPE elec-
trode probably due to its increase surface activity. According
to our findings, the most convenient value was obtained with
an accumulation time of 180 s.
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Calibration data were obtained for 4-nitroaniline solutions
under optimum experimental conditions described obviously.
Figure 6 shows some of the typical DPV voltammograms
recorded on the (Ag-CPE) in two linear dynamic ranges of
8.0x10°~1.0x10°and 5.0 x 10 °~ 1.0 10 *mol L' of
4-nitroaniline. The calibration plot is required for quantitative
measurements of the 4-nitroaniline concentration at a given
potential. The intensity of cathodic current increase with con-
centration of 4-NA with a determination coefficient of R* =
0.994. The electrochemical sensing showed a detection limit
(S/IN=3) of 4.18 x 10 ® mol L', The relative standard devi-
ation (RSD.) for eight measurements was calculated as 2.44%
for 4-nitroaniline concentration of 1.0 x 10™* mol L™'. The
LOD provided by (AC-CPE) is comparable than those

obtained by the previous electrodes summarized in Table 1
[13, 21, 36-39].

In order to evaluate the effect of several species frequently
found with 4-nitroaniline on the electrode response, a study
involving these compounds was performed. The selectivity of
the suggested sensor was investigated in electrolytic solution
containing 1.0 x 10> mol L' of 4-nitroaniline spiked with
different concentrations of dopamine, ascorbic acid, paraceta-
mol, 4-nitrophenol, 2-nitrophenol, 4-aminophenol, and 2-
nitroaniline.

The effect of representative potential interference on the
determination of 4-nitroaniline was investigated, which
were expressed as the recovery relating to the responses
with and without interference compounds. The different

Table 1 Comparison of the

different electrodes using for 4- Modified electrode Analytical technique Detection limit Ep. (mV) References
nitroaniline determination
CPE/DTD/Ag NPs DPV* 0.23 uM -320 [36]
GC/TPDT-SiO2/Ag NPs SWVP 0.50 uM —800 [37]
BMIMPF6-SWNT/GCE LSV* 8.0 nM =750 [38]
Metallic silver electrode DPV 4.74 nM —260 [13]
Ag-CPE (impregnation) cve - —300 [21]
ZnO NRs/FTO Amperometry 0.5 uM - [39]
Ag/CPE (electrodeposition) DPV 0.418 nM —230 Present work

The abbreviations of the modified electrodes can be referred from the corresponding references

* Differential pulse voltammetry
® Square wave voltammetry
¢ Linear sweep voltammetry

4 Cyclic voltammetry

@ Springer
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Fig. 7 Calibration curve of 4-nitroaniline in drinking water in the
concentration range of 1.0 x 10°® mol L™' to 1.0 x 10~ mol L™ using
the DPV method at Ag-CPE

concentrations of 4-nitrophenol were investigated and sig-
nificantly interfered especially by the addition of tenfold
resulting an increase in the peak current of 4-nitroaniline.
The increase of current signal is probably due to the over-
lap of the 4-nitroaniline and 4-nitrophenol reduction peaks.
It was to observed that the peak current of 4-nitroaniline
was decreased by the addition of dopamine, ascorbic acid,
and paracetamol. This decrease may be due to the adsorp-
tion of these compounds onto the electrode surface Ag-
CPE, which is blocking the surface sites. Therefore, the
potential range from 0.0 to —600 mV was recommended
to remove the effect of these interferences. However, 2-
nitrophenol, 2-nitroaniline, and 4-aminophenol did not
show interference with 4-nitroaniline detection, where the
recovery rates were upper to 97%.

DPV measurements of 4-nitroaniline in water samples

In order to evaluate the practical application of the pro-
posed modified (CPE), it was used to detect 4-nitroaniline
in drinking water samples. No signal for 4-nitroaniline was
observed when the sample was analyzed. Hence, the pro-
posed method was applied to analyze water samples con-
taminated with 4-nitroaniline at different concentrations.
The reduction peak of 4-nitroaniline was clearly displayed.
The linear calibration curve of 4-nitroaniline was obtained
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in the concentration range of 1.0 x 10°® mol L™" to 1.0 x
107 mol L™! for drinking water samples (Fig. 7). The co-
efficient of determination of the curve was (R® =0.981).
The limit of detection (LOD) was found to be 1.38 x
1077 mol L™ with RSD of 2.2% and satisfactory recovery
that exceeds 95%.

Conclusion

The electrochemical deposition of silver particles onto
(CPE) was executed with cyclic voltammetry. The obtain-
ed electrode was used to determine 4-nitroaniline in B-R
buffer solution (pH 2). Then, the electrochemical reduc-
tion of 4-nitroaniline was followed by cyclic voltammetry
in the first time with determination of kinetic parameters.
This study has demonstrated that (Ag-CPE) exhibits ex-
cellent electrocatalytic activity toward 4-nitroaniline re-
duction. Chronoamperometry is used for the determina-
tion of the diffusion coefficient. Differential pulse
voltammetric (DPV) measurements exhibit two linear dy-
namic ranges of 8.0x10°® —1.0x107® and 5.0 x 107~
1.0x10™* mol L™' and detection limit of 4.18 x
10® mol L™" for 4-nitroaniline reduction. Finally, the pro-
posed modified electrode has been successfully applied
for the determination of 4-nitroaniline in drinking water
samples. Simplicity of preparation, good reproducibility,
and low cost of the modified electrode as well as wide
linear concentration range, low-detection limit, and good
repeatability for 4-nitroaniline determination are the im-
portant advantages of (Ag-CPE).
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