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Differential pulse voltammetry (DPV) at a glassy carbon electrode (GCE) was used for
the determination of trace amounts of US EPA priority pollutant 4-nitrophenol (4NP) in Britton-
Robinson buffer (BR) of pH 2.0 as an optimal base electrolyte. 4NP can be determined by DPV
directly using either its electrochemical oxidation or reduction. The calibration curve was measured for
both reactions in the same concentration range from 2 to 100 pmol.L". The calculated limits of
detection and quantification are 0.17 and 0.56 pmol.L™ (RSD = 2.3 % and R® = 0.9987 for n = 5) for
cathodic reduction and 0.39 and 1.29 pumol.L(RSD =5.3 %, R? = 0.9928 for n = 5) for anodic
oxidation.
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1. INTRODUCTION

Nitro aromatic and phenolic compounds are important intermediates in the production of
fungicides, pesticides, dyes, pharmaceuticals (i.e. aminophenol) and explosives. The U.S.A
Environmental Production Agency (EPA) categorize p-nitrophenol (4NP) as a priority pollutant and its


http://www.electrochemsci.org/
mailto:renepfeifer18@yahoo.com.br
mailto:renepfeifer18@yahoo.com.br

Int. J. Electrochem. Sci., Vol. 10, 2015 7262

exposure can lead to significant increase of methemoglobin, serum glutamic oxaloacetic transaminase
(SGOT) and corneal opacity. [1-2] Moreover, oral exposition above 920 mg/kg can lead to human
dermatological effects. [3]

Different techniques were used to detect low concentrations of this substance in water, e.g. gas
and liquid chromatograph, capillary electrophoresis and voltammetry. [4-6] The advantage of
electrochemical methods are low cost per analysis, high selectivity, reasonable sensitivity and easy
miniaturization. 4-NP can be detected and quantified electrochemically either by the irreversible
reduction of the nitro group or by irreversible oxidation of the hydroxyl group. The elimination of the
effect of dissolved oxygen is a vital step to obtain a reasonable quantification of 4NP using cathodic
reduction. Meanwhile, the main problem of quantification of 4NP by anodic oxidation is the strong
passivation of the surface of working electrode. Attempts to eliminate this passivation have been made
by Avaca et al. and Zhao et al. using boron doped diamond electrodes. [7-9] Several types of modified
glassy carbon electrodes were presented as alternatives for the detection of 4NP. Tang et al. used a
modified glassy carbon with a reduced graphene oxide/gold nanoparticle composite. [10] Yin et. al.
used Cupper(l) oxide nanoparticles modified glassy carbon. [11] Even zeolites were used for
modification of this type of electrode. [12] Nevertheless, the boron doped diamond and amalgams
electrodes are still the best alternative to quantification of this substance by cathodic reduction. [7, 8,
13-15]

This work aim is to study 4NP quantification using differential pulse voltammetry (DPV) at
glassy carbon electrode as a model to understand the quantification of hydroxyl and nitro derivatives of
aromatic compounds which are inexpensive and easily obtainable models of various cancer
biomarkers.

2. EXPERIMENTAL

2.1. Reagents

Aqueous stock solutions of 1 mmol L™ 4-nitrophenol (99%, Sigma-Aldrich, Steinheim,
Germany) were prepared freshly every week by dissolving 0.14099 g of pure substance in 1 L of
deionized water. Previous study demonstrated that the stock solution is stable for at least two
month [13]. More dilute 4NP solutions were prepared by exact dilution of the stock solution with
buffer solution.

Boric acid, acetic acid, phosphoric acid, and sodium hydroxide (all p.a. purity, Chemapol,
Prague, Czech Republic) were used to prepare appropriate Britton-Robinson (BR) buffers by titration
of a mixture of 0.04 mol L' boric acid, 0.04 mol L™' phosphoric acid, and 0.04 mol L™ acetic acid
with 0.2 mol L™" sodium hydroxide.

Deionized water produced by a Milli-Q Plus system (Millipore, Billerica, MA, USA) was used
in all cases. All solutions were stored in glass vessels in the dark at the laboratory temperature.
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2.2. Apparatus

Voltammetric measurements were performed with a computer controlled FRA2 pAUTOLAB
TYPE III, u3AUT71265 with General Purpose Electrochemical System (GPES) 4.9 software for
Microsoft Windows operating systems (both Metrohm®, Prague, Czech Republic). Measurements
were carried out in the three-electrode arrangement with glassy carbon electrode (GCE,3 mm diameter,
Metrohm®, Prague, Czech Republic) working electrode, a platinum wire auxiliary electrode, and
a Ag|AgCl (1.0 mol L™" KCI) reference electrode (both Monokrystaly, Turnov, Czech Republic). All
potentials in this paper are given with respect to this reference electrode.

All measurements were carried out using DPV with the following parameters: scan rate
10 mV s~', modulation amplitude 50 mV and pulse duration 50 ms.

The pH measurements were carried out by the pH meter Jenway 4330 (Jenway, Chelmsford, UK)
with a combined glass electrode by the same producer. The pH meter was calibrated with standard
aqueous calibration buffers of pH 4.00, 7.00, and 10.00 (Sigma-Aldrich, Steinheim, Germany).

2.3. Procedures

2.3.1. Pretreatment of the working electrode

The GCE electrode was polished before measurement with alumina powder (grain size 1.0 pum)
followed by rinsing with deionized water. For cathodic reduction no additional treatment of the
electrode was needed between individual measurements. However, previous studies reported
passivation of the surface of GCE during anodic oxidation of aromatic hydroxyl compounds. Polishing
with alumina powder and cleaning in an ultrasonic bath with ultra-pure water between individual
measurements was proposed and tested as an option to remove negative influence of this passivation.

2.3.2. Measurement procedures

An appropriate volume of the aqueous stock solution of the investigated compound was added
into a 10 mL volumetric flask and the solution was then filled up with the buffer of an appropriate pH
to the mark and transferred into a voltammetric cell. For cathodic reductions, oxygen was removed by
bubbling with nitrogen (purity class 4.0, Linde, Prague, Czech Republic) for 5 min before each
measurement, and a nitrogen atmosphere was then maintained above the solution in the cell. All
measurements were carried out at laboratory temperature.

All voltammetric curves were measured five times. The DPV peak heights (I,) were evaluated
from the straight lines connecting the minima before and after the peak. The calibration curves were
treated by linear regression. The parameters of the calibration curves (i.e., slope, intercept, coefficient
of determination (R?), and confidence intervals) and other mathematical and statistical quantities (all
for the significance level o =0.05) [15] were calculated using Origin Pro 8.0 software (OriginLab
Corporation, Northampton, MA, USA). The limit of quantification (Lg) was calculated using the
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equation: Lg =10s/b, where s is the standard deviation of 5 repetitive determinations at the lowest
measurable concentration of the analyte and b is the slope of the calibration curve [17].

3. RESULTS AND DISCUSSION

3.1. Anodic Differential Pulse Voltammetry of 4-Nitrophenol at Glassy Carbon Electrode
3.1.1. Pretreatment of the electrode

Initially, the effect of passivation of GCE electrode surface was investigated. Five DP
voltammograms of 4NP (100 umol.L™ in BR buffer pH 2.0) were recorded without any cleaning
procedure of the electrode between individual measurements. Strong passivation of the surface was
observed, leading to a fast decrease of peak height (E, = 1200 mV) (see Figure 1a). This passivation is
commonly encountered when working with solid electrodes [27-29].
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Figure 1. DP anodic voltammograms of 4-NP (100 pmol.L™) at GCE in BR buffer pH 2.0. Five
measurements without any cleaning process (A), with polishing with alumina powder before
each measurement (B) and polishing with alumina powder followed by sonication in an
ultrasonic bath with ultra-pure water before each measurement (C). The numbers next to each
curve correspond to serial number of measurement. Polarization rate 10 mV.s™. Insets
correspond of the dependency of anodic peak current (l,) on serial number of measurement (N).

A new approach to eliminate this passivation was proposed in this paper based upon the
cleaning of the electrode surface by polishing with alumina powder followed by ultrasonic bath
treatment in with ultra-pure water before each measurement. These results are presented in Figure 1b
and 1c. It was observed that polishing the surface with alumina powder followed by cleaning at an
ultrasonic bath gave much more reproducible results than just polishing the surface electrode with
alumina powder.

3.1.2. Influence of pH
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Figure 2. DP anodic voltammograms of 4-NP (100 pmol.L™) at GCE in BR buffer pH 2.0 (2), 3.0 (3),
4.0 (4), 5.0 (5), 6.0 (6), 7.0 (7), 8.0 (8), 9.0 (9), 10.0 (10), 11.0 (11), 12.0 (12), Polarization rate
10 mV.s™. Numbers above voltammograms correspond to pH values.
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Figure 3. A dependence of the DPV anodic peak current (I, ©) and anodic peak potential (Ep, =) of
4-NP, ¢ = 100 umol.L™ in BR buffer, on pH from 2 to 12. Polarization rate 10 mV.s™.

The influence of pH on the voltammetric behavior of 4NP at GCE was investigated using DPV
in BR buffer from pH 2 to 12. The dependency of the peak current (I,) and peak potential (E,) on pH is
presented in Figure 3. It was found that 4NP peak shifts towards less positive potentials with
increasing pH. This is common effect connected with participation of protons in electrode process and
with pronation and or deprotonation of electrochemically oxidized species. Parameters of the measured
linear dependence of the peak potential of 4NP on pH are given in Table 1.

Table 1. Parameters of measured linear dependences of DPV anodic peak potential of 4NP on pH.

Analyte method Slope [mV/pH] Intercept [mV] R?
ANP (2<pH<8) DPV —54.8 1290 0.9947
4NP (8<pH<12) DPV 0.00 893 0.9987

The obtained slopes suggest irreversible nature of the studied redox process corresponding to
the oxidation of the present hydroxyl group. The calculated pKa value of 4NP, obtained from peak
potential dependency on pH, was 7.26 which is in good agreement with value of 7.20 presented in
literature [7]. The highest peak was obtained at pH 2.0 which was used for further measurements.

3.1.3. Anodic Differential Pulse Voltammetric Determination of 4-Nitrophenol at a Glassy Carbon
Electrode

The concentration dependence of 4NP in BR buffer solution pH 2.0 were measures in the range
of 2 — 100 umol.L™ and they are depicted in Figures 4 and 5. The limits of detection and quantification
are summarized in Table 2.
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Figure 4. DP anodic voltammograms of 4-NP at GCE in the BR buffer of pH 2.0 in the concentration
range of 10 — 100 pmol.L™* (A) and 2 — 10 pumol.L™ (B); numbers above voltammograms
correspond to actual concentration of 4-NP in pmol.L™". Insets correspond to concentrations

dependence of 4-NP for each range. Polarization rate 10 mV.s™.
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Figure 5. Anodic DPV concentration dependence of 4-NP in the range of 2 — 100 pmol.L™.
Polarization rate 10 mV.s™.

Table 2. Parameters of the calibration straight line of 4-NP anodic determination using DPV at GCE in

BR buffer pH 2.0 in the concentration range from 2 to 100 pmol.L™.

Range of concentration, pmol.L™ 10 -100 2-10 2-100
Slope, pA pmol™ L 0.0366 0.0433 0.0362
Intercept, pA 0.118 0.00659 0.0723
Correlation coefficient 0.9895 0.9952 0.9928
Lo, pmol.L™ 2.3 0.39 0.39
Lo, umol.L™ 7.7 1.29 1.29
RSD (n=5) , % 6.6 5.3 5.3
Table 3. Limits of determination (Lp) of 4-NP using voltammetric methods.
Range of L
Working Electrode method Concentration b R? Reference
1 [mol L -]
[umol L 7]
BDD SWV 3.0-30 8.7x10° 0.9985 7
Sono-SWV  3.0-48.7 1.8x10° 0.9995 8
m-AgSAE DPV 2.0-100 1.1x 107 0.9992 13
p-AgSAE DPV 2.0-100 2.8x 107 0.9932 13
AuNP/RGO/GCE DPV 0.05-2.0 1.0x 10°® 0.9981 18
SWW 0.05-2.0 2.0 x 10°® 0.9961
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MMIPs/Au-NPs/AuE DPV 0.1 - 1400 1.0x 107 0.9999 19
m-HAp/ECG/ GCE DPV 0.2 - 994 2.7x 107 0.9913 20
PdNPs/CPM /GCE DPV 0.3 1500 7.0x 10 0.9937 21
CS/PTMS/AuNPs/GCE DPV 0.03 - 350 2.7x 107 0.9987 22
nano-Cu20 GCE DPV 1.0 - 400 5.0x 107 0.9985 11
SWCNT/PyCD/GCE DPV 02-24 8.6 x10™ 0.9993 23
Clp-NiTSPc CFME DPV 0.00072 - 3.6 7.2x10™ 24
AgA-PE DPV 0.2 - 100 3.2x 107 0.9991 14
HDME DPV 0.2-10 1.3x 107 0.9992 14
m-AgSAE DPV 2.0-100 6.2x 107 0.9995 14
LiTCNE/PLL/GCE DPV 0.027 —23.2 7.5x 10 25
SWy-2-AQ CCE DPV 2.1-323 1.4 x 107 26
Zeolite CPE DPV 1.4-71.8 2.9x 107 12
GCE DPV 2 -100 1.7 x 107 0.9987  This Work

* SWV - Square Wave Voltammetry, Sono- SWV — Sono Square Wave Voltammetry, DPV —
Differential Pulse Voltammetry, BDD — Boron Doped Diamond Electrode, p-AgSAE — Polished Silver
Solid Amalgam Electrode, m-AgSAE — Meniscus Modified Silver Solid Amalgam Electrode,
AUNP/RGO/GCE - Au Nanoparticles Reduced Graphene Oxide Modified Glassy Carbon Electrode,
MMIPs/Au-NPs/AUE — Molecularly Imprinted Polymers with Gold Nanoparticles Modified Au
Electrode, m-HAp/ECG/ GCE - Magnetite-Hydroxyapatite Edge-Carboxylated Graphene Modified
Glassy Carbon Electrode PANPs/CPM /GCE - Palladium Nanoparticles Carbon Porous Materials
Modified Glassy Carbon Electrode, CS/PTMS/AuNPs/GCE - Imprinted
Chitosan/Phenyltrimethoxysilane/Au Nanoparticles hybrid modified Glassy Carbon Electrode, nano-
Cu20 GCE- nano-Cu20 modified Glassy Carbon Electrode, SWCNT/PyCD/GCE - Single-Walled
Carbon Nanotube/Pyrenecyclodextrin Nanohybrids modified Glassy Carbon Electrode, C/p-NiTSPc
CFME - Para-phenylenediamine Tetrasulfonated Nickel Phtalocyanine outer-Coating modified
Carbon Fiber Microelectrode, AgA-PE - Silver Amalgam Paste Electrode, HDME - Hanging Mercury
Drop Electrode, LITCNE/PLL/CME - Lithium Tetracyanoethylenide Poly-L-Lysine hydrochloride
Chemically Modified electrodes, SWy-2-AQ GCE - Na-montmorillonite(SWy-2) and Anthraquione
(AQ) modified Glassy Carbon Electrode, Zeolite CPE - Zeolite modified Carbon Paste Electrode and
GCE - Glassy Carbon Electrode.

The obtained limit of detection (LD) and quantification (LQ) are 0.39 and 1.29 ;,Lrnol.L'1 (RSD
=5.3 %, R? = 0.99283 for n = 5), respectively. A summary of the limits of detection using different
electrode materials is presented in Table 3. It can be seen that limits of detection obtained with the
GCE are better than those obtained with the nano-Cu,O modified GCE (nano-Cu,O GCE), Na-
montmorillonite (SWy-2) and anthraquione (AQ) modified GCE (SWy-2-AQ GCE) and Zeolite CPE -
Zeolite modified carbon paste electrode . The results of obtained with molecularly imprinted polymers
with gold nanoparticles modified Au electrode (MMIPs/Au-NPs/AUE) are slighty better than those
obtained with GCE electrode. The lowest limits of detection of 4NP, using the anodic oxidation can be
obtained with the single-wall carbon nanotube/pyrenecyclodextrin nanohybrids modified GCE
(SWCNT/PyCD/GCE) and with p-phenylenediamine tetrasulfonated nickel phtalocyanine outer-
coating modified carbon fiber microelectrode (C/p-NiTSPc CFME). However, our commercially
available GCE does not require complex and time consuming modification.
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3.2. Cathodic Differential Pulse Voltammetry of 4-Nitrophenol at a Glassy Carbon Electrode

3.2.1. Influence of pH

Table 4. Parameters of measured linear dependences of DPV cathodic peak potential of 4NP on pH.

Analyte method slope [mV/pH]  Intercept [mV] R?
ANP (2<pH<8) DPV —46.2 —4717. 0.9688
4NP (8<pH<12) DPV -57.1 —398 0.9101

i (nA)

-1200

-200 -600 -800

E(mV)

-1000

Figure 6. DP cathodic voltammograms of 4-NP (100 umol.L™) at GCE in BR
(3), 4.0 (4), 5.0 (5), 6.0 (6), 7.0 (7), 8.0 (8), 9.0 (9), 10.0 (210), 11.0 (12),
rate 10 mV.s™*.Numbers above voltammograms correspond to pH values.

-500 -5.0

-4.5
-600
-4.0

-700 35

-800 -3.0

-2.5

p

E (mV)

-900 20

-1000 -1.5

-1.0

-1100
-0.5

-1200 R S U U P 0.0

pH

buffer pH 2.0 (2), 3.0
12.0 (12), Polarization

Ip (uA)

Figure 7. Dependence of the DPV cathodic peak current (I, A) and cathodic peak potential (E,, ®) of
4-NP, ¢ = 100 umol.L™*, in BR buffer on pH from 2 to 12. Polarization rate 10 mV.s™.
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The influence of pH on cathodic DPV behavior of 4NP at GCE was investigated in BR buffer
from pH 2 to 12. The dependency of the peaks current (lp) and potential (Ep) on pH is presented in
Figure 7. It was found that 4NP peak shifts towards more negative potentials with increasing pH.
Parameters of the measured linear dependence of the peak potential of 4NP on pH are given in Table 4.
The obtained slopes suggest an irreversible nature of the studied redox process corresponding to the
four-electron reduction of the present nitro group to corresponding hydroxylamino group [24]. The
calculate pKa of 4NP, obtained from peak potential dependency on pH, was 7.16 which is in good
agreement with value of 7.20 presented in literature. [7] The highest and best developed peak was
obtained at pH 2.0 which was used for further measurements.

3.2.2 Cathodic Differential Pulse Voltammetric Determination of 4-Nitrophenol at a Glassy Carbon
Electrode
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Figure 8. DP cathodic voltammograms of 4-NP at GCE in the BR buffer of pH 2.0 in the concentration
range of 10 — 100 pmol.L™ (A) and 2 — 10 umol.L™* (B); numbers next to curves correspond to
actual concentration of 4-NP in umol.L™. Insets correspond to concentrations dependence of 4-
NP for each range. Polarization rate 10 mV.s™.
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Figure 9. Cathodic DPV concentration dependence of 4-NP in the concentration range of 2 — 100
umol.L™! . Polarization rate 10 mV.s™.

The concentration dependences of 4NP in BR buffer pH 2.0 were measured in the range of 2 —
100 pmol.L™* and are depicted in Figures 8 and 9. The limits of detection and quantification are
summarized in Table 5.

Table 5. Parameters of the calibration straight line of 4-NP cathodic determination using DPV at GCE
in BR buffer pH 2.0 in the concentration range from 2 to 100 pmol.L™.

Range of concentration, pmol.L™ 10 - 100 2-10 2-100
Slope, pA pmol™ L -0.024 -0.024 -0.024
Intercept, pA 0.0041 -0.0007 0.0001
Correlation coefficient 0.9983 0.9824 0.9987
Lo, pmol.L™ 0.39 0.17 0.17
Lo, umol.L™* 1.3 0.56 0.56
RSD (n=5) , % 1.3 2.3 2.3

The obtained limit of detection (LD) and quantification (LQ) are 0.17 and 0.56 pmol.L™}(RSD
= 2.3 % and R? = 0.9987 for n = 5), respectively. According to the comparative limits of detection
presented at Table 5, the results obtained at this work are slightly higher than those obtained at the
silver amalgam paste electrode (AgA-PE), hanging mercury drop electrode (HDME), polished silver
solid amalgam electrode (p-AgSAE), and meniscus modified silver solid amalgam electrode
(m-AgSAE). The lowest limits of cathodic detection of 4NP were obtained with boron doped diamond
electrode (BDD). However, our simple and commercially available glassy carbon electrode is more
environmentally friendly than mercury based electrodes and more common than BDDE.

4. CONCLUSIONS

The quantification of 4NP was carried out with differential pulse voltammetry at glassy carbon
electrode. Strong passivation of the surface was observed for anodic oxidation. However, ultrasonic
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bath cleaning after alumina polishing was found to be an efficient step in the elimination of passivation
of the electrode surface after each measurement. The dependency of potential peak on pH for both
cathodic reduction and anodic oxidation was measured. The values of pKa for 4-NP obtained from
DPV measurements are in good agreement with the experimental values of 7.20 presented in literature.
The calculated limits of detection and quantification for cathodic reduction are 0.17 and 0.56 pmol L™
(RSD = 2.3 % and R?= 0.9987 for n = 5) and for anodic oxidation are 0.39 and 1.29 umol L*(RSD
=5.3 %, R? = 0.9928 for n = 5). Comparison of limits of detection obtained in this work reveal that
anodic oxidation reaction can be used for the quantification of submicromolar concentrations of 4NP.
However, the passivation of the electrode surface must effectively eliminated by the developed
combination of mechanical cleaning with alumina followed by sonication The limits of detection based
on anodic oxidation are slightly higher than those obtained with cathodic reduction. The advantage of
GCE used in this work is the complete absence of mercury.
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