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The behavior of a modified carbon paste electrode (CPE) for para-nitrophenol detection by cyclic and
square wave voltammetry (SWV) was studied. The electrode was built by incorporating the hydroxyap-
atite (HAP) to carbon paste. The overall analysis involved a two-step procedure: an accumulation step at
open circuit, followed by medium exchange to a pure electrolyte solution for the voltammetric quantifica-
tion. During the preconcentration step, para-nitrophenol was adsorbed onto hydroxyapatite surface. The
influence of various experimental parameters on the HAP–CPE response was investigated (i.e. pH, car-
arbon paste electrode
ydroxyapatite
ara-Nitrophenol
quare wave voltammetry

bon paste composition, accumulation time). Under the optimized conditions, the reduction peak shows
that the peak height was found to be directly proportional to the para-nitrophenol concentration in the
range comprised between 2 × 10−7 mol L−1 and 1 × 10−4 mol L−1. With this, it was possible to determine
detection limit (DL), which resulted in 8 × 10−9 mol L−1 for peak 1. The proposed electrode (HAP–CPE)
presented good repeatability, evaluated in term of relative standard deviation (R.S.D. = 2.87%) for n = 7 and
was applied for para-nitrophenol determination in water samples. The average recovery for these samples
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was 86.2%.

. Introduction

Aromatic nitrocompounds are among the most toxic substances
nd are thus commonly used in the manufacture of explosives,
esticides, dyes, plasticizers and pharmaceuticals [1–4]. These
ompounds have been detected not only in industrial wastewa-
ers but also in freshwater and marine environments [5], and are
onsidered by the United States Environmental Protection Agency
USEPA) as priority pollutants, owing to the fact that they are
oxic to humans [6]. In particular, para-nitrophenol (p-NPh) is a
oxic derivative of the parathion insecticide and is also present in
astewaters from industries such as refineries. Detoxification of
ater contaminated with nitroaromatic compounds is usually a

ery difficult process since the presence of a nitro-group confers to
he aromatic compound a strong chemical stability and resistance
o microbial degradation [7]. Early detection of para-nitrophenol

s important for protecting water resources and food supplies, in
he defense against terrorist activity, and for monitoring detox-
fication processes [8]. Accordingly, there are growing demands
or field-deployable devices for reliable on-site monitoring of

∗ Corresponding author. Tel.: +212 68858296; fax: +212 23485201.
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ara-nitrophenol compounds. Common laboratory-based analyt-
cal methods for determining para-nitrophenol compounds such
s primarily gas and liquid chromatography (HPLC) [9–13], UV–vis
pectrophotometry [14,15] and spectrofluorimetry [16] have been
eported. The use of enzyme-linked immunosorbent assay (ELISA)
as been studied [17]. However, some sample pretreatment involv-

ng separation, extraction and/or adsorption is generally necessary,
nd this can also be time-consuming and complex. Electrochemi-
al methods, such as differential pulse polarography (DPP), anodic
tripping voltammetry (ASV) and differential pulse voltammetry
DPV), have been widely applied for the determination of pharma-
euticals, dyes, insecticides and pesticides [18–20].

In recent years, chemically modified electrodes (CMEs) were
sed for the voltammetric quantification of various organic and

norganic species after their open circuit accumulation [21,22].
uch of the work in this field was directed to exploit the chemical

eactivity of the modifier towards a target analyte for electroana-
ytical purpose. Multitudes of modifying agents were used either
s coatings on solid electrode surfaces or dispersed within a con-

uctive matrix. It is noteworthy that this last approach is well
uited when using electronically insulating modifiers requiring a
irect contact to an electronically conducting substrate as used

n connection with electrochemistry. The application of silicates
nd related mineral materials in electrochemistry is rather recent

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:elmhammedi@yahoo.fr
dx.doi.org/10.1016/j.jhazmat.2008.06.126
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nd was directed to combine their intrinsic properties to selected
lectrochemical reactions in order to improve the response of
he electrode. Modified electrodes are being used frequently in
he voltammetric determination of organic compounds because
f their efficiency, the selectivity that can be obtained by vary-
ng the modifier and the sensitivity which is equivalent to that
eached in anodic and cathodic stripping. In doing so, clay, zeo-
ite and silica-modified electrodes were prepared, characterized
nd applied (sometimes tentatively) in various fields including
or example electroanalysis and sensors, electrocatalysis, photo-
hemistry, thin-film technology, fuel cells, molecular recognition.
auffmann [23] has reported that a carbon paste electrode (CPE)
odified with lipids and proteins (enzymes) has potential applica-

ion in environmental analysis. In addition, clay (such as bentonite
nd zeolite) modified electrodes have been applied widely for the
etermination of organic compounds. Na-montmorillonite (SWy-
) exhibits similar properties to those of other clays, which are able
o adsorb electroactive species for their direct determination.

Recent works, reported in the literature, have shown sev-
ral applications and electroanalytical methodologies employing
lassy carbon electrode as working electrodes [24,25]. Luz et al.
25] constructed a glassy carbon electrode impregnated with a
ithium tetracyanoethylenide (LiTCNE) for the determination of
ara-nitrophenol. The reduction of this compound has been carried
ut on a modified glassy carbon electrode using cyclic and DPV.

This study proposed a new modified carbon paste electrode
hich has been prepared by the hydroxyapatite (HAP) for para-
itrophenol detection. It has shown a selective preconcentration
nd quantization of para-nitrophenol by cyclic and square wave
oltammetry (SWV). This study has led to the development of a
ew modified electrode for the determination of para-nitrophenol
ith improved qualities such as simplicity of electrode prepara-

ion, wider linear range, low detection limit (DL), high selectivity
nd very good stability of modifier. The procedure is based on the
eduction of para-nitrophenol after it was preconcentrated on a
arbon paste electrode modified with the HAP, under open circuit
onditions.

. Experimental

.1. Reagents

Suprapur grade para-nitrophenol was purchased from Fluka.
ater purified by means of a Milli Q–Milli RO system was used

hroughout the preparation of the solutions. Carbon paste was
upplied from (Carbone, Lorraine, ref 9900, France). All chemicals
ere of analytical grade and used without further purification. The
ydroxyapatite used in this manuscript was synthesized with the
oubly decomposition method [26].

.2. Electrodes

Modified electrodes were prepared by mixing a carbon powder
nd the desired weight of hydroxyapatite with potassium sulphate.
he body of the working electrode for voltammetric experiments
as a PTFE cylinder that was tightly packed with carbon paste. The

eometric area of this electrode was 0.1256 cm2. Electrical contact
as made at the back by means of a bare carbon.

.3. Apparatus and software
Voltammetric experiments were performed using a voltalab
otentiostat (model PGSTAT 100, Eco Chemie B.V., Utrecht, The
etherlands) driven by the general purpose electrochemical sys-

ems data processing software (voltalab master 4 software) run

v
s
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c
c

ig. 1. Voltammetric curve for HAP–CPE preconcentrated for 15 min in
× 10−4 mol L−1 para-nitrophenol (pH 8.0), scan rate: 20 mV s−1, 12.5% (w/w)
f HAP/CP ratio, supporting electrolyte is CH3CO2H (1:1).

nder windows 98. The three-electrode system consisted of a
hemically modified carbon paste electrode as the working elec-
rode a saturated calomel electrode (SCE) serving as reference
lectrode, and platinum as an auxiliary electrode.

.4. Procedure

The modified carbon paste electrode was immersed in a cell
ontaining 20 ml of the para-nitrophenol sample solution adjusted
o a pH value, to get the chemical deposition. Meanwhile the
olution was stirred by a 1.6-cm magnetic stirrer bar (rotating
bout 600 rpm) at open circuit. After a preconcentration step,
he electrode was removed from the preconcentration cell, rinsed
ith water and placed in the measurement cell containing the

upporting electrolyte (buffer CH3CO2H (1:1)). The square wave
oltammogram was recorded from −100 mV to −900 mV vs. SCE.
esults were obtained by using a step potential of 25 mV; amplitude
mV and duration 5 s at scan rate 1 mV s−1. Impedance measure-
ents were obtained with the same three electrode–cell setup

escribed before. The complete frequency spectrum from 100 kHz
o 10 MHz can be measured with AC amplitude of 5–10 mV. In order
o insure the inert effect of HAP electrode during the experiment,
he potential of 0 mV was chosen in presence or in absence of accu-

ulated para-nitrophenol.

. Results and discussion

.1. Preliminary voltammetric characterization

The performance of the newly developed hydroxyapatite-
odified carbon paste electrode is based on the preconcentration

f para-nitrophenol from aqueous solution onto the surface of
he modified electrode by adsorption onto the modifier surfaces.
ig. 1 shows a cyclic voltammogram between −0.1 V and −0.9 V
or a 12.5% modified carbon paste electrode at 20 mV s−l, obtained
fter exposure to a 5 × 10−4 mol L−1 solution of para-nitrophenol
n a stirred solution. During the first cycle, one peak (P1) appears
t −0.568 V on the cathodic sweep, and another one appears at
0.19 V (P2) on the anodic sweep. In the successive cycles, in addi-

ion to P1, one new reductive peak (P3) also appears at −0.48 V
n the cathodic sweep. It is interesting that the reversible redox
ouple (P2:P3) increases at the expense of the irreversible peak
P1), which indicated that the product of para-nitrophenol by irre-

ersible reduction remained on or near the modified electrode
urface and was oxidized on the anodic sweep. When the scan
otential was changed in the range of −0.1 V to −0.4 V, the redox
ouple disappeared gradually. These interesting phenomena indi-
ated that the development of P1 peak is responsible for the
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The response of the HAP–CPE during the accumulation step

was strongly pH dependent. As the pH increased from pH 3.0 to
7.0, the peak current increased at first because HAP can slowly
dissolve in acidic solution and lose its ability of immobilizing
para-nitrophenol. The optimum pH range was found between 6.0
ig. 2. Square wave voltammograms of 5 × 10−4 mol L−1 para-nitrophenol (pH 8.0)
n tampon acetic acid (1:1) at HAP–CPE (12.5% HAP), accumulation time (tp): 10 min,
a) first cycle (b) second cycle.

ormation of P2 and P3 peaks. Heineman and Kissinger [27] reported
hat parathion at hanging mercury drop electrode gave the same
ehavior as that of para-nitrophenol in our studies. Nicholson and
hain [28] also reported that para-nitrosophenol (∅NO) could be
ransferred easily to para-hydroxylaminophenol (∅NHOH) by the
eversible two-electron oxidation/reduction by using stationary
lectrode polarography. Nevertheless, it is believed that the same
lectron transfer mechanism can be applied in this study:

NO2 + 4H+ + 4e− → ∅NHOH (1)

NHOH − 2H+ − 2e− → ∅NO (2)

The same behavior is recorded by square wave voltammetry,
or the p-nitrophenol compound (Fig. 2). We clearly observe the
ecrease of the intensity of the peak P1 recorded in the first cathodic
yclic sweep, on the other hand we note the apparition of the peak
3 in the second cathodic cyclic sweep.

From both figures it became evident that adsorption of para-
itrophenol with hydroxyapatite took place on the electrode
urface. The well-defined irreversible cathodic peak (P1), higher
han the peaks P2 and P3, was suitable for quantification of para-
itrophenol at very low concentrations.

In order to ascertain the number of electrons involved in the oxi-
ation of para-nitrophenol at modified electrode, we determined
he n value from cyclic voltammograms by using the following
quation [29]:

= 0.0565
Ep − Ep/2

(3)

The n was 1.871 at modified electrode in 5 × 10−4 mol L−1 para-
itrophenol, which suggests that the number of the electrons
orresponding to the redox process (P2:P3) is two. This process
nvolves the loss of 2e− and 2H+, which is consistent with the
lectron transfer mechanism applied in this study.

The scan rate was varied from 10 mV s−1 to 150 mV s−1. The
ariation of the peak intensity with the scan rate was studied.
n approximately linear relationship was found between the peak

ntensity and the square root of the scan rate (R2 = 0.9856); indicat-
ng that the HAP–CPE reaction is controlled by diffusion process.
he scan rate of 20 mV s−1 was used for further studies.

The method of chronoamperometry was used to characterize
he electrochemical reactivity of para-nitrophenol on the HAP–CPE
n tampon acetic acid (1:1) (Fig. 3). This curve has been obtained
fter the first cyclic sweep by applying a stationary potential

= 0.14 mV during 10 min. During the two hundred first second,

he current intensity is inversely proportional to 1/
√

t; this vari-
tion is controlled by a diffusional step. From 300 s the variation of
he current intensity vs. time is a sinusoïdale curve expressed by Eq.
4). This result confirms the réversibility of the couple NHOH/NO

F
n
(

ig. 3. Current density vs. time of 5 × 10−4 mol L−1 para-nitrophenol (pH 8.0) at
AP–CPE (12.5%) in tampon acetic acid (1:1) under 0.14 mV.

bserved by the cyclic voltammetry.

(�A/cm2) = 44.64 sin
(

2�

Tt
+ �

2

)
with T = 27.4 s. (4)

.2. Optimization of experimental conditions

Optimum conditions for the electrochemical response were
stablished by measuring the peak current in dependence on all
arameters.

.2.1. Influence of accumulation time
The effect of the accumulation time is investigated (Fig. 4); this

ignificantly affects the reduction peak current of para-nitrophenol.
he peak current of 4 × 10−4 mol L−1 para-nitrophenol increases
reatly within the first 10-min and then enhances slowly. Further
ncrease in accumulation time does not increase the amount of
ara-nitrophenol at the electrode surface owing to surface satu-
ation, and the peak current remains constant. This phenomenon is
ue to the cavity structure of hydroxyapatite that improves the abil-

ty of the electrode to adsorb electroactive para-nitrophenol. Maybe
his is attributed to the saturated adsorption of para-nitrophenol on
he hydroxyapatite–CPE surface. Taking account of sensitivity and
fficiency, accumulation time was 10 min in the following experi-
ents.

.2.2. Influence of initial pH
ig. 4. Effects of accumulation time on peak currents (P1) of 4 × 10−4 mol L−1 para-
itrophenol (pH 7.4) at HAP–CPE (%HAP = 12.5), supporting electrolyte is CH3CO2H
1:1).
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4.0 × 10−5 mol L−1 para-nitrophenol, suggesting a good repro-
ducibility of HAP–CPE.

Table 1
Electrical parameters calculated from the impedance spectra in CH3CO2H tampon
(1:1), for the HAP–CPE and HAP–CPE/para-nitrophenol solution interfaces

Re (k� cm2) Rct (k� cm2) Cdl (pF cm−2)

HAP–CPE 2.93 28.44 176.8
ig. 5. Effects of solution pH on the peak current (P1) for 2 × 10−5 mol L−1

ara-nitrophenol at HAP–CPE (%HAP = 12.5), tp = 10 min, supporting electrolyte is
H3CO2H (1:1).

nd 10.0, showing a maximum response at pH 7.0 (Fig. 5). It was
eported that the decrease in proton concentration as pH increas-
ng from 3.0 to 10 exert a pronounced effect on the SWV response
f para-nitrophenol.

.2.3. Influence of amount of modifier
The effect of apatite incorporated within the carbon paste elec-

rode was evaluated (Fig. 6). The use of apatite as modifier of the
hemically modified carbon paste electrode can greatly increase
he sensitivity of determination, which is due to the adsorption of
ara-nitrophenol. The peak intensity increases with the increasing
f amount of modifier because the concentration of HAP on the sur-
ace of the modified electrode increases correspondingly. At 12.5%
AP, relative to the mass of graphite powder, the largest peak cur-

ent was obtained. However, the continuous increase of amount of
odifier causes a decrease of peak current, due to the decrease of

onductivity of the modified electrode.

.3. Calibration graph

Under the optimized experiment conditions, the calibration
urve for para-nitrophenol in tampon acetic acid solution (1:1)
t HAP–CPE was investigated, and the linear dynamic range was
omprised between 2 × 10−7 mol L−1 and 1 × 10−4 mol L−1 (Fig. 7)
n terms of the relationship between para-nitrophenol concentra-
ion and the reduction peak current height (P1). The relationship
an be described with the following linear regression equation in
he mentioned concentration range:

p = −0.3023c − 0.3862 (R = 0.9835) (5)
According to Miller and Miller [30] the standard deviation of
he mean current (S.D.) measured at reduction potential of para-
itrophenol for 10 voltammograms of the blank solution in pure

ig. 6. Effects of the content of HAP in carbon paste mixture % (w/w) on peak cur-
ents (P1) of 5.5 × 10−4 mol L−1 para-nitrophenol (pH 7.4) at HAP–CPE, tp = 10 min,
upporting electrolyte is CH3CO2H (1:1).

H

F
(

ig. 7. Calibration curve of para-nitrophenol at HAP–CPE under the optimized con-
itions, in tampon acetic acid (1:1).

lectrolytes was calculated from:

.D. = 1
(n − 2)

n∑
j=0

(ij − Ij)
2 (6)

here ij is the experimental value of the experiment number j and
j is the corresponding recalculated value, at the same concentra-
ion using the regression line equation. The calculated S.D. was
sed in the determination of the detection limit (3 × S.D./slope)
nd the quantification limit (QL, 10 × S.D./slope). From these val-
es, a detection and quantification limits for peak 1 respectively
f 8 × 10−9 mol L−1 and 1.5 × 10−8 mol L−1 para-nitrophenol were
btained. From the results, it can be observed that the values of
L and QL obtained are comparable to those published in litera-

ure [25]. Such results are shown to be very appropriate for the
etermination of traces of para-nitrophenol in natural water.

After each measurement the modified electrode was refreshed
y successive cyclic voltammetric sweeps in blank solution to
et a reproducible electrode surface. The relative standard devi-
tion (R.S.D.) of 2.87% for seven times parallel detections of
AP–CPE/para-nitrophenol 3.79 19.83 224.6

ig. 8. Impedance spectra at 0 V (vs. SCE) in CH3COOH tampon (1:1), (a) HAP–CPE
b) HAP–CPE/para-nitrophenol under the optimized conditions.
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Table 2
Physico-chemical parameters of used natural water

p Mn2+

8 0.03

3

s
p
r
m
r
e
w
h
i
o
t
o
i
o

3

p
m
(
p
a
r
t
c
f
b
p
a
w
p
w
n
(
t

i

a
t
d
o
o

T
R
p
s

P

R
|
S
R
R

4

p
p
t
m
f
d
e
e
c
t
p
e
w

R

[

[

[

H MES (mg L−1) O2 (dissolved) (mg L−1) NH4
+ (mg L−1)

.85 9.5 11 0.26

.4. Impedance measurements of HAP–CPE

The current study focuses on using electrochemical impedance
pectroscopy (EIS) to investigate the adsorption behaviors of the
ara-nitrophenol on the HAP–CPE. The EIS experiments were car-
ied out in tampon acetic acid (1:1) in order to confirm the
echanisms suggested in the voltammetric part of this work

egarding the HAP–CPE/para-nitrophenol interaction (Fig. 8). The
lectrical parameters were calculated using Voltamaster 4.0 soft-
are. The results are regrouped in Table 1. The HAP–CPE has the
ighest Rct and lowest Cdl. Rct equals to the semicircle diameter

n the Niquist plot, presenting the interfacial electron transfer rate
f redox between the electrolyte and the electrode. Furthermore,
he double layer capacitance of HAP–CPE is usually lower than that
f organic layers, such as para-nitrophenol. After para-nitrophenol
mmobilization, Rct decreases and Cdl increases due to the presence
f para-nitrophenol onto HAP–CPE surfaces.

.5. Practical application

In order to evaluate the performance of HAP-modified carbon
aste electrode by practical analytical applications, the deter-
ination of para-nitrophenol was carried out in natural waters

Alhansali Dam, Tadla-Azilal region) without any pretreatment. The
ara-nitrophenol concentration was determined by the standard
ddition technique. It should be mentioned at this point that the
eason for using the standard addition technique is to compensate
he matrix effect from natural water samples that contain high con-
entrations of nitrate ions and other foreign ions (Table 2). Hence,
or determination of para-nitrophenol in these samples by cali-
ration method the interferences of these ions impose errors on
ara-nitrophenol determination. Moreover, it is clear that there
re not such difficulties in determining para-nitrophenol in pure
ater because of the simplicity of matrix in these samples. No

ara-nitrophenol traces were found when the proposed procedure
as used. However, it was observed that peak current vs. para-
itrophenol added into the real sample solution increased linearly
Eq. (7)), hence the proposed method is suitable for the determina-
ion of para-nitrophenol in these waters.

P1 (�A) = −0.2654c (�mol L−1) + 0.5675, R = 0.98 (7)

The statistical calculations for the assay results showed suit-

ble precision of the proposed method (Table 3). However,
he analytical sensitivity of the methodology proposed was
ecreased. This illustration was probably due to the presence of
rganic/inorganic matter, which can inhibit the adsorption process
f para-nitrophenol onto the modifier surfaces.

able 3
esults obtained from the linear regression curves (Eq. (7)) for the determination of
-nitrophenol at HAP–CPE in natural waters. The recovery was obtained for water
piked by 1 × 10−4 mol L−1 para-nitrophenol

arameters Peak 1

2 0.984
Slope| (A L mol−1) 0.265
tandard deviation × 10−10 (A) 0.672
elative standard deviation (%) 3.20
ecovery (%) 86.2

[

[

[

[
[

[

[

[

(mg L−1) NO2
− (mg L−1) NO3

− (mg L−1) Nitrogen total (mg L−1)

0.18 5.6 0.7

. Conclusion

We have demonstrated the use of apatite-modified carbon
aste electrode for a greatly enhanced voltammetric sensing of
ara-nitrophenol compounds. The reduction of this compound on
he modified electrode occurs in an irreversible manner. Opti-

ization of the experimental conditions yielded a detection limit
or para-nitrophenol of 8 × 10−9 mol L−1 much better than that
escribed in the literature and this electrode showed a wide lin-
ar response range, good sensitivity and repeatability. The modified
lectrode was successfully applied in water samples. The method
ould be improved in a simple way without introducing addi-
ional procedures and without increasing the time required for
ara-nitrophenol quantification. The electrode construction was
xtremely simple and with low cost. No unstable or toxic reagents
ere used.
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