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ABSTRACT

The response and efficiency of new sensors for nitrite ions analysis have been studied electrochemically. These
sensors were developed by modifying a carbon paste electrode (CPE) with copper (II) complexes formed with
commercial (PFHA) and Algerian (YHA) humic acids and their modified compounds with ethylenediamine
(EDA) or triethylenetetramine (TETA). The developed mechanism is based on the electrochemical oxidation of
NO,~ on the modified CPE for different nitrite concentrations. The obtained results showed that the carbon
paste electrode modified with copper (II)-modified humic acids complexes (Cu-MHA) exhibited substantial
electrocatalytic effect on the oxidation of nitrite anions compared with carbon paste electrode. The sensitivity
of the modified CPE towards nitrite concentrations depends on the nature of the humic acid and its modified
compounds. The measurements performed by using CPE/Cu-YHA-EDA and CPE/Cu-YHA-TETA gave the best
sensitivity and a good linear response of current versus nitrite concentrations.

The oxidation peak current of nitrite at CPE/Cu-YHA-TETA and CPE/Cu-YHA-EDA electrodes in weak acid
solution is proportional to the concentration of nitrite over the range 0-1.38 x 10~ 2 mol L~! with a limit of
detection (LOD) of 1.46 umol L~ (Sensitivity = 41.06 pA (mmol L~")~" and 2.17 pmol L~ ! (Sensitivity =
27.63 pA (mmol L~ 1)~ respectively. Compared to the sensors published in the literature, our CPE/Cu-YHA-
TETA and CPE/Cu-YHA-EDA electrodes exhibit a good catalytic activity towards nitrite oxidation and a low
limit of detection over a wide nitrite concentrations range.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

(NO, ™) which are the product of the oxidation of nitrogen by micro-
organisms in plants, soil or water.

Humic acids have a large number of carboxylic acids, hydroxyl and
phenolic groups. They have been used for the preparation of chemi-
cally modified electrodes [1-5]. According to the literature, the
sensitivity and selectivity of the functional groups of humic substances
towards some complexing agents is restricted [6]. Therefore, in order
to get better complexation, it is important to modify the functional
groups of humic acids.

In recent years, significant progress has been realized on the
impact of pollution on the environment and human health. Water
and food are the possible sources of contaminants such as nitrite ions
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The widespread presence of nitrite in food products and beverages
[7-10] causes a reaction with amines and amides in the human
stomach to form N-nitroso compounds. Some of these products are
potent carcinogens in humans [11,12]. However, nitrites can cause
removal of oxygen in the bloodstream after causing the catalytic oxi-
dation of hemoglobin to methemoglobin [13,14]. Hence, the detection
of these ions and the development of highly selective sensors have
become important and inevitable.

To detect and determine the concentration of nitrite in water and
food, various methods have been used such as spectrophotometry and
spectrofluorimetry [15-22], chromatography [23-28], capillary elec-
trophoresis chemiluminescence [29] and electrochemistry [30-37].

Because of their low cost, easy operation, high sensitivity and
fast response, the electrochemical techniques have advantages for
the determination of nitrite concentration in aqueous solutions.
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The detection of nitrite ions by using electro-oxidation of NO, ™ is
more effective in deaerated solution because the presence of
molecular oxygen may limit the determination of nitrite [38,39].

Using conventional solid electrodes such as platinum, gold and
glassy carbon to study electrochemical behavior of nitrites showed
their limits because several species may mask the surface of the
electrode, inducing a decrease in its sensitivity and accuracy [39]. The
studies of the electrochemical behavior of nitrite by using glassy
carbon electrode indicated that the oxidation of nitrite involves a large
overpotential at the surface of the electrode [40-43]. Indeed, the
modified electrodes were developed to eliminate the phenomenon of
a large overpotential.

In recent years, many modified electrodes with carbon composites
were developed as electrochemical sensors to determine nitrite
ions in solution such as hydrophobic ionic liquid/carbon nano-
tubes/chitosan [44], SWCNT-cobalt nanoparticles [45], multi-walled
carbon nanotubes (MWNT)-poly(amidoamine) (PAMAM)-chitosan
(CS) nanocomposite in the immobilization of Cytochrome c (Cyt c)
[46], graphene nanosheets and carbon nanospheres mixture (GNS-
CNS) [34], poly(3,4-ethylenedioxythiophene) (PEDOT)- and PEDOT/
multi-wall carbon nanotubes-(PEDOT/MWCNTs) modified screen-
printed carbon electrodes (SPCEs) [47], polythionine/carbon nanotube
modified electrode [48], multi-walled carbon nanotubes, zinc oxide,
and gold nanoparticles integrated composite electrode [49].

To our knowledge, there have been no previous publications
citing the use of the electrodes based on the modified humic acid
complexes to quantify nitrite ions in solution. In the present work,
novel sensors (modified electrodes) based on copper (II)-humic
acid (Cu-HA) and copper (II)-modified humic acid (Cu-MHA)
complexes were developed to detect nitrite ions in solution.

The modified electrodes were prepared by mixing the carbon
powder (GC) with copper complexes formed with different humic
acids (Cu-YHA or Cu-PFHA) and their modified forms (Cu-YHA-
EDA, Cu-YHA-TETA, Cu-PFHA-EDA or Cu-PFHA-TETA) obtained by
chemical reaction with ethylenediamine (EDA) and triethylenete-
tramine (TETA). The response and efficiency of these sensors
towards nitrite ions were investigated by using cyclic voltamme-
try, linear polarization resistance and chronocoulometry methods.

To evaluate the sensitivity and the limit of detection of the
sensors in a wide concentration range of nitrite, a developed
method is based on the electrocatalytic oxidation of nitrite at CPE/
Cu-HA and CPE/Cu-MHA electrodes in acidic medium (pH=4.4)

2. Materials and methods
2.1. Apparatus and reagents

Electronic absorption measurements and fluorescence spectra
were respectively recorded on a UV-visible Perkin-Elmer Lambda
35 spectrophotometer and VARIAN Model CARY Eclipse fluores-
cence spectrophotometer. CHNS analyses were recorded on a
Perkin-Elmer Analyzer 2400.

Fourier transform infrared spectra were carried out using a FT-IR
Perkin-Elmer Spectrum One spectrometer over the 4000-400 cm ™!
range, spectrometry grade with a peak resolution of 4 cm~! and 32
scan right. All 'TH NMR measurements were performed on a Bruker
400 MHz NMR spectrometer.

The microstructure, surface topography and chemical analysis of
the surface of the modified electrodes were examined by a scanning
electronic microscope coupled to EDS method (Hitachi TM-1000).

Electrochemical measurements were performed under a nitrogen
atmosphere using potentiostat/galvanostat (EGG Princeton Applied
Research Model 273 A) in which a working electrode was replaced

with unmodified or modified paste electrode. Platinum wire and Ag/
AgCl (3 M KCl) were used as counter and reference respectively.

pH measurements were performed with A Metrohm 827 pH
Lab Meter. A Precia Labo analytical balance model BP 110S was
used to weigh the products.

A Fisher Scientific Polystat 36 water bath equipped with a
thermostat was used to maintain the temperature at 25 °C for all
experiments.

A Gilson micropipette (capacity of 20 pL) was used to perform
all titrations.

Before each experiment, all glassware were washed with EDTA
buffer solution (pH=28) to prevent metal binding and contamination.

All reagents used in this work were of the highest purity and
analytical grade from Merck or Fluka. The copper and nitrite solutions
of different concentrations were prepared from stock solutions
(0.1 mol L™ 1) of pure nitrate copper and sodium nitrite salts in free
CO, deionised water (resistivity > 14 MC2 cm).

2.2. Preparation and characterization of samples

Six samples of HAs and their derivates were studied. PFHA was
purchased as a sodium salt from Fluka (lot and filling code: 12041/
1 20902) and purified. YHA was isolated from Algerian soil at the
Yakouren forest (Algeria) and characterized [50]. The modified
PFHA and YHA with ethylenediamine (EDA) and triethylenetetra-
mine (TETA) (PFHA-EDA, YHA-EDA, PFHA-TETA and YHA-TETA)
were prepared by following procedure:

The mixture of 1 g of each initial humic acid (PFHA or YHA)
with 5 mL of thionyl chloride was stirred for 1 h and concentrated
in a vacuum drier at room temperature for 24 h. Then, 5 mL of
ethylenediamine or triethylenetetramine were added to the
obtained solid. The mixture was stirred for 1 h and concentrated
in a vacuum drier at room temperature for 48 h. The obtained solid
was acidified with HCl (1 mol L= 1) to pH 2. The final product was
filtered, washed with water, and then dried under vacuum at room
temperature.

The reaction mechanism for the modification of humic acids is
shown schematically in Scheme 1.

To synthesize Cu-HA and Cu-MHA complexes in the solid state,
several experiments were performed according to the quantities of
copper, and the measurements that provide complexes in solid form
are as follows:

Copper-humic acid and copper-modified humic acid com-
plexes were prepared through mixing 500 mg L~! of HA or MHA
with 20 mL of nitrate copper solution (0.1 molL~!). Then, the
mixture was stirred for 24 h and concentrated in a vacuum drier at
room temperature for 48 h.

The modified carbon pastes were prepared by mixing 10 mg
of each humic acid or modified humic acid complexes with
300 mg graphite powder and paraffin oil. The humic acid com-
plexes or derivatives, graphite powder and paraffin oil were well
mixed to obtain a uniform paste.

The modified electrodes were prepared by packing the mod-
ified paste into a glass tube having a diameter of 3 mm. The
electrode surface was polished before ash measurement.

For the characterization of each HA and MHA, the ratio of
absorbances at 465 and 665 nm (E4gs/Eses ratio) was obtained in
NaHCOs (25 mL, 0.025 mol L~ 1) [51].

Carboxyl group content and total acidity were calculated, respec-
tively, by the calcium acetate and the barium hydroxide methods [52].

The calcium acetate method is based on the reaction of HA
with an excess of 0.5 mol L~! calcium acetate solution. Hydrogen
ions of humic acid carboxyl groups are exchanged for calcium
ions of calcium acetate. The acetic acid formed is titrated with
0.1 mol L~" NaOH.
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Schemel. Proposed reaction scheme for the modification of the humic acids.

Phenolic hydroxyl group content is obtained as the difference
between total acidity and carboxyl group content [53].

2.3. Electrochemical study and analysis of nitrite ions

The characterization of humic acids and modified humic acids
at pH=7 was performed using three electrode cells. The working
electrode was a glassy carbon electrode. A platinum wire and
Ag/AgCl electrodes were used as auxiliary and reference electro-
des, respectively.

The electrochemical oxidation behavior of nitrite in potassium
chloride 0.1 molL~' was studied using carbon paste electrode
modified with Cu-HA or Cu-MHA complexes, platinum wire and
Ag/AgCl as working, auxiliary and reference electrodes, respectively.

To study the polarization resistance of all electrodes, the
potential was scanned from the cathodic to anodic direction at a
scan rate of 0.1 mV/s. The potential range of linear polarization
experiments is + 25 mV.

Chronocoulometry measurements were obtained within 10 s
with measuring period of 0.02 s.

To detect the nitrite ions by using CPE, CPE/Cu-HA and CPE/
Cu-MHA electrodes, a suitable sensing potential in the limit current
plateau region was determined between 0 and 1.5V at a scan rate of
20mVs~! cyclic voltammetry method. The deaerated solution
contains 0.1 molL~! KCl, 0.1 molL~! phosphate buffer solution
(pH=4.4) and 1.38 x 10~ 2 mol L™ of nitrite.

To determine the sensitivity and the limit of detection of CPE/
Cu-HA and CPE/Cu-MHA sensors towards nitrite, the oxidation
currents versus nitrite concentrations were recorded in 0-1.5V
potential range and the calibration curves were reported.

All nitrite, sodium phosphate and sodium chloride solutions
were prepared with deionised water and the measurements were
made in N, atmosphere at 25 °C.

3. Results and discussion
3.1. Chemical characterization of the compounds

3.1.1. Spectrometric, elemental analysis and acidic functional
group contents.

The UV/vis spectra of PFHA and YHA humic acids (Fig. 1) showed
broad spectra without the occurrence of specific bands and decreasing
of absorbance as the wavelength increased. The spectra of the
modified humic acids (PFHA-TETA and YHA-TETA) showed a strong
band and a weak band with PFHA-EDA and YHA-EDA between 250
and 300 nm. These absorption bands are probably due to the primary
amine groups (—-CO-NH,) indicating the formation of para-acylamino-
groups (Ar-CONH-) which confirms the chemical modification of
humic acids.

The high absorbance showed in the case of humic acids
modified with TETA is due to its large number of amine groups
comparing with humic acids modified with EDA.

Figs. S1 and S2 in Supplementary material show the fluores-
cence emission spectra of humic acids and modified humic acids.
This technique is also used to distinguish between different humic
substances [55,56]. The low intensity measured for MHA is due to
the high molecular weight of humic compounds after modification
with ethylenediamine and triethylenetetramine.

To confirm the modification of humic acids other analyzes were
performed. Elemental analysis, acidic functional group and acidity
contents of purified commercial humic acid, humic acid extracted
from Yakouren forest soil and the modified humic acids are
reported in the Table 1.

The modified humic acids (MHA) show higher N and C contents
and a lower O content than unmodified humic acids (HA). These
results indicate that a fair quantity of ethylenediamine and
triethylenetetramine was bound to humic acids through carboxyl
and phenolic groups.
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The acidity group and oxygen contents in the modified humic
acids are markedly lower than those of PFHA and YHA. Modified
humic acids MHA have less total acidity than original HA. These
results indicate that the modification is made through the
carboxylic and phenolic groups.

Based on the literature [51], the highest E4g5/Eggs ratio of HA
compared to MHA indicates that the modified humic acids have a
higher molecular weight than the original humic acids.

3.1.2. Infrared spectra

Analysis of HA and MHA infrared spectra (Fig. 2) showed the
following results:

The broad band located in the 3300-3400cm~' frequency
region is due to the O-H stretching vibration of the phenolic, alcohol
and carboxylic acid OH groups, and to the N-H stretching vibration
of the amine groups (NH,). The band observed between 1700 and
1750 cm ™~ corresponds to C=0 vibration of carboxylic and ketone
or of carbonyl groups. A broad band in the 1265-1223 cm™'
frequency region produced by C-O of COOH of benzoic acids.
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Fig. 1. Electronic spectra of (a) YHA and modified YHA and (b) PFHA and
modified PFHA.
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Fig. 2. FTIR spectra of (a) YHA and modified YHA and (b) PFHA and modified PFHA.

HAs C% H% N% 0% S% Ea65/Es6s COOH (mmol g~ 1) Phenolic-OH (mmol g~ ') Total acidity (mmol g~ ')
PFHA[50] 55.445 4395 1.065 34.995 1.650 4.600 3.290 3.910 7.200
(0.035) (0.085) (0.005) (0.002) (0.008) (0.005) (0.003)
PFHA-EDA 57.500 4.780 2.300 33.810 1.610 4.470 2.780 2.810 5.590
(0.030) (0.010) (0.010) (0.060) (0.040) (0.050) (0.040)
PFHA-TETA 59.820 4.850 1.700 32.000 1.630 4.240 3.100 3.050 6.150
(0.020) (0.020) (0.010) (0.030) (0.010) (0.030) (0.080)
YHA[50] 54.615 4.970 3.405 35.560 0.250 4.665 3.425 4.325 7.750
(0.035) (0.020) (0.025) (0.009) (0.004) (0.006) (0.002)
YHA-EDA 59.200 6.550 5.900 28.110 0.240 4.390 0.290 2110 2.400
(0.060) (0.030) (0.040) (0.070) (0.020) (0.020) (0.010)
YHA-TETA 60.250 5.700 410 29.740 0.210 3.810 0.040 4.030 4.070
(0.050) (0.010) (0.010) (0.020) (0.010) (0.020) (0.020)

Ash[50]: PFHA (2.45%); YHA(1.20%).
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Compared with spectra of HA, the peak which represents C=0
stretching of COOH (1700-1750 cm~ ') is shifted to 1696 cm~.
The absorption of about 1265-1223 cm™~' disappeared in the
spectra of MHA, indicating the disappearance of OH of carboxylic
acid functional groups and the formation of para-acylamino-
groups (Ar-CONH-, Ar represents aromatic ring) [54], respectively.
The strong peaks near 1560 and 1568 cm~! may be assigned to the
vibration of N-H bond of EDA and TETA.

3.1.3. 'H NMR spectra

TH NMR spectra were obtained for basic structural information
of HA and MHA (Fig. 3). The spectra showed a peak in the region of
8-8.5 ppm due to hydroxylic, carboxylic and amide protons, and
the signals observed around 4.7 ppm are attributed to aromatic-
OH groups (Ar-OH). The relative intensities of these peaks were
decreased in the following order: HA > HA-EDA > HA-TETA indi-
cating the elimination of a large amount of OH in hydroxylic and
carboxylic groups of humic acids after their chemical modification.

a
PFHA-TETA
m
9
- ../l.
= \.L Jrl
£ |PFHA-EDA {
-':: r—\\- r i\
= ___/’/ N -m/ \\4
;% |
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2 | vHAEDA

8 6 i

Fig. 3. "H NMR spectra of the humic acids and the modified humic acids in DMSO-ds.

The wide signals observed in the 6-8 ppm resonance region
can be assigned to aromatic protons.

In the spectra of MHA, the broad signals located in the range
of 3.2-3.6 ppm were assigned to aliphatic amine (R-NH,). The
massifs observed between 2.7 and 3.0 ppm and intense peaks
around 3.4 ppm were assigned to CH, protons in CH,-NH, and
CH,-NH-COR groups, respectively. The intense peaks appeared at
3.1 ppm in the MHA spectra may be attributed to R-NH groups.
These results confirm the modification of the humic acids.

The spectrum of YHA-TETA shows an intense peak at 2.2 ppm
attributed to NH protons in the CH,-NH-CH, groups, indicating
that triethylenetetramine (TETA) coordinates more easily Yakou-
ren humic acid than commercial humic acid which is more
condensed than YHA [50].

The resonance at 1.8-2.1 ppm is attributed to the protons
attached to aliphatic carbons of functional groups like carboxyl
groups or aromatic rings. The massif in the region of 0.5-1.7 ppm
is assigned to CH, and CHj; attached to the aromatic ring.

3.1.4. Microstructure and surface topography

The surface topography of humic acids before and after
modification with ethylenediamine (EDA) and triethylenetetra-
mine (TETA) was observed by A scanning electronic microscope
(SEM). The chemical modification of PFHA and YHA was observed
by the change of the surface of humic acids after modification.

SEM photographs showed marked differences between HA,
HA-EDA and HA-TETA samples in dispersion and the shape of the
particles.

The interaction of ethylenediamine and triethylenetetramine with
humic acid affects the surface of HA and caused the disappearance of
a granular morphology of humic acids. HA presents more aggregates
than HA-EDA and HA-TETA. The absence of aggregates on the surface
of HA-TETA may be due to the existence of long aliphatic chains in
theses macromolecules.

The morphologic results of PFHA, PFHA-EDA and PFHA-TETA
(Fig. S3) are presented in Supplementary material.

EDS spectroscopy analysis of the compounds obtained upon
complexation of Cu?* with HA, HA-EDA and HA-TETA reveals that
the formed materials contain copper, indicating the formation of
Cu-HA and Cu-MHA complexes.

EDS spectra and photographs of Cu-YHA-TETA and Cu-PFHA-
TETA complexes are given in Fig. 4, as an example.

Moreover, the presence of small white spots in SEM photo-
graphs is probably due to the strong complexation of copper with
humic acids and modified humic acids. XRD analysis of the com-
pounds exclude the hypothesis of Cu?* deposition as salt form on
the surface of HA and MHA.

3.1.5. Cyclic voltammetry

Cyclic voltammetry was used to study the electrochemical
behavior of humic acids (PFHA and YHA) and their modified ones
(PFHA-EDA, PFHA-TETA, YHA-EDA and YHA-TETA). The study was
performed between —1.8 and 1.3 V using a potential scan rate of
20 mV s~ ! and phosphate buffer pH 7.

Fig. 5 shows the cyclic voltammograms of humic acids and the
modified humic acids with ethylenediamine and triethylenetetramine.

The voltammograms of MHA showed the disappearance of
reduction peaks of OH groups observed at —1.46 V on voltammo-
grams of unmodified humic acid, indicating the chemical mod-
ification of humic acids by EDA and TETA. This result confirms
those obtained by the different characterizations reported above.

3.2. Stability study of the electrodes

The stability of the modified electrodes was studied by cyclic
voltammetry in 0.1 mol L~ ! KCl and phosphate buffer solution.
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Fig. 4. SEM-EDS analysis of the copper complexes formed with modified humic
acids. (a) Cu-YHA-TETA and (b) Cu-PFHA-TETA.

The twenty successive voltammograms obtained with the
modified electrode CPE/Cu-YHA-EDA using a potential scan rate
of 20 mV s~ ! are reported in Fig. S4. The obtained results showed
that the CPE/Cu-HA and CPE/Cu-MHA modified electrodes exhibit
a well-defined cyclic voltammograms after scanning the potential
between —0.8 and 1.3 V versus Ag/AgCl reference electrode for the
first ten cycles. Therefore after ten successive cyclic voltammo-
grams, a low increase in the intensity of the OH and copper
reduction peaks was observed. It was also found that the currents
decrease less than 3% when the electrode is stored in air at room
temperature for two weeks.

3.3. Electrochemical behavior of the modified humic acid electrodes
The aim of this part of the work is to know the effect of the

modification of humic acids on the electrochemical behavior of the
nitrite ions.

YHA-TETA
YHA-EDA
YHA
<
2
o PFHA-TETA
=
o
____y
PFHA
]50 HA
T I T I T I T I T I T I T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Potential (V)

Fig. 5. Cyclic voltammograms of the humic acids and the modified humic acids at
pH=7 (Na;HPO,/NaH,PO,4: 0.01 mol L~ ') in NaNOs (0.1 mol L™ 1).

In the absence of NO, ™, the electrochemical behavior of the
carbon paste electrode is different than the modified humic acid
electrodes. The electrochemical study in 0.1 molL~! KCI at
pH=4.4 using the carbon paste electrode showed that there was
no current response in the potential range from 0 to —1.5V. The
cyclic voltammograms reported using the modified carbon paste
with copper humic acid complexes (not shown here) showed
reduction peaks between —0.7 and —0.2 V, corresponding to the
electrochemical process of Cu(Il)/Cu(I).

Varying the scan rate from 5 to 100 mV s~!, the anodic and
cathodic currents increase with scan rates, suggesting that the
redox process is confined to the electrode surface.

The oxidation peak currents are linearly proportional to the
square root of the scan rate (v'/2), indicating that the electron
transfer reaction is controlled by diffusion process.

3.4. Electro-oxidation behavior of nitrite on different electrodes

To investigate the electro-oxidation behavior of nitrite on differ-
ent electrodes, the cyclic voltammograms have been recorded in the
same experimental conditions as temperature, potential range and
scan rate.

Cyclic voltammograms obtained using CPE, CPE/Cu-HA and
CPE/Cu-MHA electrodes in 0.1 mol L~! KCI and phosphate buffer
solution containing 1.38 x 10~2 mol L~ of nitrite are reported in
Fig. 6. The voltammograms show an irreversible oxidation peak
between 0.80 and 1.09 V, corresponding to the oxidation of NO, ™~
to NO3;~ with the following process:

NO, +H,0—-NO; +2H" +2e~

The observed oxidation peak current of nitrite on the carbon
paste electrode modified with Cu-HA and Cu-MHA is increased
compared with the use of carbon paste electrode. The intensities
oxidation peak current of nitrite on CPE/Cu-YHA-TETA and CPE/
Cu-YHA-EDA are higher than those determined with the rest of
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Fig. 6. Cyclic voltammograms obtained using CPE, CPE/Cu-HA and CPE/Cu-MHA
electrodes in 0.1 mol L~! KCI and phosphate buffer solution: experimental condi-
tions: temperature=25 °C; [NO, |=1.38 x 102 mol L™ !; scan rate=20 mV s~ .

electrodes. At pH=4.4 (acidic solution), YHA-TETA and YHA-EDA
were positively charged due to the protonation of their amine
groups which attracted large quantities of nitrite ions involving
high current intensity.

The analysis of Fig. 6 shows that the oxidation peak potential of
NO,~ on the CPE/Cu-YHA-EDA modified electrode shifted negatively
to 0.854 V (i=669.2 pA) compared to 1.068 V (i =409.2 pA) obtai-
ned with carbon paste electrode. This result indicates an effective
electro-oxidation of nitrite ions on the CPE/Cu-YHA-EDA electrode.
This is probably due to the large surface area which leads to an
increased heterogeneous electron transfer and to a high electron
transfer capacity. Cu-YHA-EDA complex is considered as an electron
mediator on the surface of CPE/Cu-YHA-EDA electrode.

3.5. Effect of varying scan rate on electro-oxidation of nitrite

The transport characteristics of the CPE/Cu-YHA-EDA electrode
were studied by cyclic voltammetry method with different scan
rates in 0.1 mol L~! KCI and buffer phosphate solution (pH=4.4)
containing 1.38 x 1072 mol L' nitrite. The results showed that
the oxidation peak current increases with increasing scan rates, as
observed in Fig. 7a.

Fig. 7b showed a linear correlation between the oxidation
current and the square root of scan rate in the range 5-100 mV s !
with a linear regression equation of i,, = 78.897 x v'/2 —5.523 and
a correlation coefficient of 0.992, indicating that the kinetic of the
overall process is controlled by diffusion process.

Fig. 7c reveals a positive shift in peak potential position (Epq)
with the scan rate (log v), indicating that the electro-oxidation
process of nitrite is irreversible. E,, changed linearly versus log v
in the 5-100 mV s~ ! scan rate interval with a linear regression
equation of Ep, = 134.833 log v+726.561 and a correlation coeffi-
cient R? = 0.993. Referring to the Tafel equation defining a totally
irreversible electrochemical process [57]:

b 2.303RT
E,= 5 log v+K (K = constant, b =m>
1.151RT
The Tafel slopem =134.833

Assuming that the reaction of oxidation of nitrite involves the
transfer of two electrons (n=2), the electron transfer coefficient
determined using Tafel slope was a =0.99. Based on the work of
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Fig. 7. (a) Cyclic voltammetry responses obtained at the carbon paste electrode
modified with Cu-YHA-EDA in 0.1 mol L~ KCI solution containing 1.38 x 10~2 mol
L~1 NO,~ versus scan rates; (b) current vs. square root of scan rate and (c) potential
vs. log v. Experimental conditions: pH=4.4; temperature=25 °C.
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temperature=25 °C; scan rate=20mV s~ .

Soderberg et al. [58], this exceptional value (@ = 0.99) indicates a
better electrocatalytic mechanism for oxidation of nitrite, and the
electrode surface is fine and homogeneous.

3.6. Effect of solution pH

The electrochemical behavior of nitrite (7.4 x 104 mol L~ ') on
CPE, CPE/Cu-HA and CPE/Cu-MHA electrodes was studied at
various pH values in 0.1 mol L~ ! KCL.

The voltammograms of oxidation currents versus pH (Fig. 8a)
showed that the current increases over a range of pH values from
pH 2 to 3 and the maximum current is observed near pH=3.

The decreases of the oxidation current around pH=2 may be
explained by the protonation of NO,~ to obtain HNO, [59,60], or
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by its conversion to NO and NO3~ [61,62] with the following
reaction:

2H* 43N0, —2NO+NO; +H,0

For the pH values between 3 and 7, the current of oxidation decreases
for most compounds. The results indicate that the Cu-HA and
Cu-MHA complexes on carbon paste electrode are positively charged
around pH=3 and attract the negatively charged ions (NO,~). The
comparison of the electrochemical behavior of graphite carbon
electrode and modified carbon paste electrodes shows that nitrite
oxidation currents are more important in the case of modified
electrodes. This indicates the main electrocatalytic role of copper
complexes to promote the oxidation process of NO,~. Compared to
the other complexes, Cu-YHA-TETA and Cu-YHA-EDA show the better
electrocatalytic oxidation activity to nitrite. This may be due to the fact
that YHA-TETA and YHA-EDA compounds are more aliphatic than the
others. They have the widest distribution on graphite carbon. There-
fore, there are high electrocatalytic active centers on CPE/Cu-YHA-
TETA and CPE/Cu-YHA-EDA surfaces which involves a high electro-
catalytic activity.

For the oxidation of nitrite ions, the curves representing the
potential versus pH (Fig. 8b) showed that the potential shifts
considerably for most electrodes to lower values from pH=1.95 to
pH=4.4 and does not vary notably between pH=4.4 and 7. This
reveals that the surface of electrodes has a better electrocatalytic
activity for the oxidation of nitrite in this interval of pH. The
sensitivity is enhanced working at pH=4.4 when the oxidation
current is higher.

The maximum oxidation current was given at pH=3. pH Solution
was chosen around 4 for all experiments because the potential of
nitrite oxidation peak is low at this pH value.

Finally, the results of current and potential versus pH indicate
that the electrode modified with Cu-YHA-EDA complex responds
very effectively to the oxidation of nitrite compared to other
electrodes.

3.7. Linear polarization resistance

The polarization resistance (Rp) is the reverse of the slope at the
origin of the linear polarization curve in a very narrow voltage
range around the zero current potential (E;_0). R, is related to the
kinetics of the electrode reaction, which is more easily performed
when the resistance is low.

The linear polarization resistance curves of CPE/Cu-HA and
CPE/Cu-MHA systems in 0.1 molL~! KCI solution containing
1.38 x 1072 mol L~ NO,~ are illustrated in Fig. 9.

The variation of current density versus potential is linear around
zero current potential (E;_0). The calculation of the linear polariza-
tion resistance showed that the systems formed with Yakouren
humic acid (Cu-YHA-TETA: R,=0415kQ cm? Cu-YHA-EDA:
R,=114kQ cm? Cu-YHA: R,=1.34kQ cm?) are less resistant than
those formed with purified commercial humic acid (Cu-PFHA-
TETA: R,=2.20 kQ cm?, Cu-PFHA-EDA: R,=9.87 kQ cm?, Cu-PFHA:
R,=14.06 kQ cm?) and graphite carbon (GC: R,=31.63 k& cm?).

Cu-YHA-TETA and Cu-YHA-EDA systems have a low polarization
resistance that causes a very important reaction rate on electrode.
This proves the efficiency of CPE/Cu-YHA-TETA and CPE/Cu-YHA-
EDA modified electrodes for the detection of nitrite ions.

3.8. Electrochemical reactivity

Chronocoulometry has been used to characterize the anodic
process of 0.138 mmol L™ ! nitrite at CPE, CPE/Cu-HA and CPE/Cu-
MHA (Fig. S5 and Fig. 10). The plots of charge (Q) versus square root
of time (t!/2) (Fig. 10) show good linear relationships. According to
the formula given by Anson [63], the relationship between the
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Fig. 9. Linear polarization curves of different systems (a) Cu-YHA-TETA, Cu-YHA-
EDA and Cu-YHA (b) Cu-PFHA-TETA, Cu-PFHA-EDA, Cu-PFHA and GC in 0.1
mol L~ ! KCl at pH=4.4 in the presence of 1.38 x 10~2 mol L~ ! NO, ~. Experimental
conditions: temperature=25 °C; scan rate=0.1 mV s~ .

N
3
8

-800 -

=)
o CuPFHA a 4 o 6c b
v Cu-PFHAEDA © Cu-PFHA

b GuPFHATETA O Cu-PFHA-EDA
0 Cu-YHA

® Cu-YHA-EDA
® Cu-YHA-TETA

1
S
s

® Cu-PFHA-TETA
® Cu-YHA

© Cu-YHA-EDA
® Cu-YHA-TETA

-700

o
3

Charge (uC)

3
8

-600 -

&
3

-500 -

o

10 15 20 25
) 2
(T\me/s)‘

-400 -

Charge (uC)

-300 -

-200

-100 -

1.0 15 2.0 25 3.0
(Time/s)12
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tions: temperature=25 °C; measuring period=0.02 s.

charge and square root of time can be described as follows:

2nFAcD'/?t1/2

Q= v + Qar+ Qads

where A is surface area of working electrode, c is concentration of
substrate, D is diffusion coefficient, Q4 is double layer charge which
can be eliminated by background subtraction, Q 4, is Faradic charge.
Other symbols have their conventional significance.

When n=2, c=138x10"?mol L', A=0.071 cm?, from the
slope and intercept of Q-t'? line the diffusion coefficient (D) and
faradic charge (Qgqs) can be calculated, respectively. Qq4s was
obtained by the difference of two intercepts of the plot of Q vs.
t12 for curves in the absence and presence of nitrite.
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Additionally, the surface coverage (/') can be determined
according to the Faraday law:

Qqgs = nFAI"

The linear relationship between Q and t'/? could be expressed as
follows:

Q = —277.616¢"/2492.708 (CPE/Cu-YHA-TETA: Qg — 58.589
pHCD=1.69x107°% cm? s~!, =428 x 10~ mol cm~2, R*=

0.999); Q= —70994t'/24+32.459 (CPE/Cu-YHA-EDA: Q4=
24.033 pC, D=111x10"7 cm? s~!, I'=1.76 x 10~° mol
cm~2, R?*=0.996); Q= —47.224t'24+25520 (CPE/Cu-YHA:

Quas =23.938 pC, D=489x10"8 ecm? s-!, I'=174x107°
mol cm~2, R?>=0.992); Q= —60230t/2+19.218 (CPE/Cu-
PFHA-TETA: Qg =18.398 pC, D=7.96 x 1078 ecm? s-1, I'=
139 x 107° mol cm~—2, R*=0.999); Q= —14.036t"/2— 0.419
(CPE/Cu-PFHA-EDA: Qg4 =3.177 pC, D=434 x10~° cm? s~ 1,
I'=231x10""° mol cm~2, R> =0.997); Q = —9.786t'/2+0.856
(CPE/Cu-PFHA: Qg4 =0.298 uC, D=2.10x10"2 cm? s~ !,
I'=5.07 x 10~ mol cm~2, R*=0.999); and Q= —4.574t!/2
+4.0167 (CPE: Qugs =3.089 pC, D=459x 107" em? s-1!, I'=
2.25 x 1071 mol cm~2, R? =0.971).

These results showed that the values of the Faradic charge
(Qqqs), surface coverage (I') and the diffusion coefficient (D) of
nitrite ions are greater especially after modification of CPE by Cu-
YHA-TETA and Cu-YHA-EDA, which would enhance the current
response. This may be explained by the fact that, in the acidic
solution, the Cu-YHA-TETA and Cu-YHA-EDA complexes have a
positive charge caused by the protonation of the amine groups of
YHA-TETA and YHA-EDA. Cu-YHA-TETA and Cu-YHA-EDA attract
large amount of NO, ~ ions involving high Faradic charge and high
surface coverage.

4. Detection of nitrite on different electrodes

Cyclic voltammetry measurements were carried out at room
temperature between 0 and 1.5 V. The oxidation currents of nitrite
ions were performed using potential scan rate of 20 mV s~ .

The potential range varying between 0.7 and 1.1 V represents
the area where a good response of oxidation of nitrite was
recorded in terms of stability and sensitivity.

The voltammograms representing the oxidation current versus
concentration of nitrite obtained using carbon paste electrode
modified with Cu-YHA-EDA (CPE/Cu-YHA-EDA) and carbon paste
electrode (CPE) in 0.1 mol L' KCI at pH=4.4 is reported in Fig. 11a
and b, respectively. The adding of NO, ™ to the electrolyte solution
showed an increase in the anodic peak current.

In the presence of Cu(ll) complexes, the nitrite ions were
conversed to nitrate ions with a high current intensity compared
to the case when the complex is absent.

The proposed catalytic mechanism is given by the following
reactions:

Cu"(HA or MHA)* < Cu™(HA or MHA)** +e~ 1)

NO; +Cu"(HA or MHA)?** « Cu"(HA or MHA)* +NO, 2)

NO, conversed to the nitrite and nitrate ions by the following
reaction [64]:

2NO; +H,0 - NO; +NO; +2H™ 3)
Combining Eqs. (2) and (3), reaction (4) was obtained:
NO; +2Cu'™(HA or MHA)?* +H,0 < NO3 +2H" +2Cu(HA or MHA)*  (4)

Reporting i vs. [NO, |, a linear relationship was established
between of the oxidation peak current and nitrite concentration
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Fig. 11. Oxidation current versus concentration of nitrite ions obtained using (a)
CPE/Cu-YHA-EDA modified electrode (b) CPE and (c) Linear relationship between
the oxidation current and nitrite concentration obtained using CPE, CPE/Cu-HA and
CPE/Cu-MHA in 0.1 mol L~ ! KCI at pH=4.4. Experimental conditions: temperature
=25 °C; scan rate=20mV s~ .

in the range from 0 to 1.38 x 10~ 2 mol L~ ! (Fig. 11c). The general
equation was described below

i=ax[NO, ]+b

The equations of the calibration curves determined using CPE,
CPE/Cu-YHA, CPE/Cu-YHA-EDA, CPE/Cu-YHA-TETA, CPE/Cu-
PFHA, CPE/Cu-PFHA-EDA and CPE/Cu-PFHA-TETA were

i=7915.9 x [NO; ]+2.5957(R* = 0.990), i = 16755.0 x [NO; |+
1.9152(R* = 0.993), i=27630.0 x [NO, ]+9.0083(R* = 0.997),
i=41059.0 x [NO; 140.5687(R* =0.991), i=17946.0 x [NO; ]—
5.4455(R* = 0.995), i =19884.0 x [NO; |—8.3046(R? = 0.999) and
i=16189.0 x [NOZ’]—3.2193'.(R2 = 0.994), respectively.

According to Fig. 11c¢, the measurements performed using
carbon paste electrodes modified with Cu-HA and Cu-MHA com-
plexes gave highest sensitivity and good linearity (R*=0.990)
compared to those found using carbon paste electrode (CPE).
The slopes of the calibration plots show that the response of
CPE/Cu-HA and CPE/Cu-MHA electrodes towards nitrite ions is
given in the following order:

YHA —TETA > YHA — EDA > PFHA — EDA > PFHA > YHA > PFHA
— TETA > GC.



C. Ait Ramdane-Terbouche et al. / Talanta 119 (2014) 214-225 223

Table 2

Comparison of CPE/Cu-HA and CPE/Cu-MHA electrodes with CPE electrode and author electrodes for the determination of nitrite.

Electrodes Sensitivity pA (mmol L~')~!  Linear range (mmolL~')  LOD (umolL~')  References
CPE 9.16 0-13.8 22.74 Present work
CPE/Cu-YHA 16.75 0-13.8 7.16 Present work
CPE/Cu-YHA-EDA 27.63 0-13.8 217 Present work
CPE/Cu-YHA-TETA 41.06 0-13.8 1.46 Present work
CPE/Cu-PFHA 17.95 0-13.8 8.36 Present work
CPE/Cu-PFHA-EDA 19.88 0-13.8 4.53 Present work
CPE/Cu-PFHA-TETA 16.19 0-13.8 5.56 Present work
Au/nanoparticles/poly(3-methylthiophene) composites electrode - 0.010-1.00 23 [60]
Graphene and multiwall carbon nanotubes hybrid materials electrode - 0.075-6.06 25.00 [65]
Cinder/PB-CPE 75.09 0-1.60 3.36 [66]
Polyaniline grafted nanodiamond - 0.0005 -3.0 16 [67]
Nanocomposite and nanoporous polyaniline conducting polymers - 0.0005 -1.4 24 [68]
PANI/gold electrode 1104 0.01-9.0 5.0 [69]
Ferricyanide at the surface of carbon paste electrode - 0.05-1.0 26.3 [70]

Under the optimum conditions for nitrite concentration range
of 0 to 1.38 x 1072 mol L™ ! in the cyclic voltammetry, the limit of
detection equals 3 s/m, where s is the standard deviation of the
blank signal and m is the slope of the calibration plot. The
determined sensitivity and limit of detection (LOD) of CPE elec-
trode, modified electrodes and other published electrodes were
compared and listed in Table 2.

According to the results found in this study, the modified
electrodes with Cu-HA and Cu-MHA complexes showed a low
limit of detection. CPE/Cu-YHA-TETA and CPE/Cu-YHA-EDA
electrodes exhibited a detection limit of 1.46 pmolL~!
(Sensitivity = 41.06 pA (mmol L™1)~! and 2.17 pmol L1
(Sensitivity =27.63 pA (mmol L~ 1)~ respectively. These values
are low compared to CPE (Sensitivity =9.16 pA (mmol L~1)~1,
LOD =22.74 pmol L~!) and to those previously reported in the
literature [60,64-69]. CPE/Cu-YHA-TETA and CPE/Cu-YHA-EDA
electrodes exhibit good catalytic activity for the oxidation of nitrite
with low LOD over a wide range of nitrite concentrations
(mmol L~ Scale). In the literature, most studies have not been
carried out over a wide range of nitrite concentrations as in our
work (0-1.38 x 10~ 2mol L~ ). These results indicated that the
proposed CPE/Cu-YHA-TETA and CPE/Cu-YHA-EDA electrodes are
good sensors to detect of nitrite in a wide concentration range.

5. Conclusion

The aim of this study is to develop electrochemical sensors for
detection of nitrite ions in aqueous solution. The preparation of
the modified paste electrodes (sensors) was based on copper
complexes formed with Algerian and commercial humic acids
and their derivatives formed with EDA and TETA.

The characterization of the modified humic acids using differ-
ent methods shows that the humic acids are associated to EDA and
TETA through acidic and phenolic groups.

The electrochemical behavior of nitrite on different electrodes
showed that the oxidation peak potential of NO,~ on the CPE/Cu-
YHA-EDA electrode shifted negatively compared to CPE and the
rest of modified carbon paste electrodes. The determined electron
transfer coefficient (a@ =0.99) indicates a better electrocatalytic
mechanism for oxidation of nitrite ions on the CPE/Cu-YHA-EDA
electrode.

The current and potential measurements versus pH reveal that
nitrite ions are easily oxidized on the surface of CPE/Cu-YHA-TETA
and CPE/Cu-YHA-EDA around pH=4.4.

Linear polarization resistance showed that CPE/Cu-YHA-TETA
and CPE/Cu-YHA-EDA electrodes are less resistant than CPE and
the rest of the electrodes.

Chronocoulometry method revealed that the modified paste
electrodes with Cu-YHA-TETA and Cu-YHA-EDA complexes respond
very effectively to the oxidation of nitrite in acidic medium.

The plot of oxidation peak current versus nitrite concentration
showed that the limit of detection of nitrite using CPE/Cu-YHA-
TETA (1.46 pmol L~ ') and CPE/Cu-YHA-EDA (2.17 pmol L™ ') elec-
trodes is low compared to LOD evaluated with CPE and other
published electrodes.

The advantages of CPE/Cu-YHA-TETA and CPE/Cu-YHA-EDA
electrodes are their stability, good electrocatalytic activity, low
detection limit, low resistance and ability to make measurements
in a wide range of nitrite concentrations, which is important for
practical application on electrochemical sensors.
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