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Abstract This work describes the modification of a glassy
carbon electrode with poly(Toluidine Blue O) (GC/poly-
TBO) and single-walled carbon nanotubes (SWCNT) for the
electrocatalytic oxidation of nitrite. GC/poly-TBO was pre-
pared by electropolymerization and used as such or after
immobilizing SWCNT on the polymeric film to give a com-
posite GC/poly-TBO-SWCNT electrode. The electrochemical
and catalytic behavior of both electrodes was studied compar-
atively. It was observed that the presence of SWCNT contrib-
uted to enhance the electrocatalytic response for nitrite oxida-
tion, as measured by amperometry at +0.92 V vs. Ag/AgCl/
KClg, and pH 7. The response was linear with respect to the
nitrite concentration in the 0.001-4 mM range, with a detec-
tion limit of 0.37 uM (based on signal to noise ratio of 3) for
GC/poly-TBO-SWCNT. The proposed method was also ap-
plied to the determination of nitrite in a wastewater sample
and compared to the spectrophotometric method.

Keywords Nitrite - Toluidine Blue - Carbon nanotubes -
Amperometric sensor

Introduction

Nitrite (NO, ) is an important source of nitrogen in green
plants, and its complete reduction is achieved in nature by
the nitrite reductase enzyme [1]. It is used as an additive in
some types of food, and its occurrence in soils, waters, foods,
and physiological systems is prevalent. The presence of ex-
cess nitrite in vegetables, drinking water, and food products is
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a serious threat to human health [2]. Nitrite promotes the
irreversible oxidation of hemoglobin and reduces the blood
capacity to transport oxygen. Also, it may interact in the
stomach with amines and amides forming highly carcinogenic
N-nitrosamine, many of which are known to be carcinogens.
Therefore, NO, determination is of great significance for
environment security and public health. Monitoring variations
of nitrite is important for understanding their biogeochemical
processes in aquatic environments and for developing better
methods of managing water quality [3—11].

Many analytical methods have been proposed for nitrite
detection, mainly based on spectrophotometry, chromatogra-
phy, capillary electrophoresis, chemiluminescence, and elec-
trochemistry [12—16]. Most of these methods are often affect-
ed by the presence of coexisting cationic or anionic species,
and they are either time-consuming or needing sophisticated
instruments. Owing to their rapid response, cheap, safe, and
simple use, the electrochemical methods have often been
employed for nitrite detection. In doing so, chemically modi-
fied electrodes have proven to be particularly efficient, in
terms of eliminating the effects of interference species and/or
by providing suitable electrocatalytic properties likely to im-
prove nitrite oxidation processes, which was notably achieved
by modifying the electrode surface with redox mediators
[3—11, 17-29]. Various redox mediators (e.g., dyes) were used
for to build amperometric sensors for nitrite [30, 31]. On the
other hand, the interest of electrodes based on nanocomposites
[32, 33] or carbon nanotubes for the detection of bioorganic
and inorganic compounds, e.g. nitrites, has been the subject of
several previous reports (see, e.g., [34—40]).

In this context, the present paper describes the coverage of
glassy carbon (GC) electrodes with a polymeric film of
Toluidine Blue O (GC/poly-TBO), as obtained by
electropolymerization, and the subsequent modification of
GC/poly-TBO with single-walled carbon nanotubes
(SWCNT) by immobilization onto the polymeric film to give
a composite electrode (GC/poly-TBO-SWCNT). The aim of
using carbon nanotubes was to investigate their possible in-
terest to increase the sensitivity for nitrite detection as
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expected from improved electron transport issues. Actually,
the catalytic behavior of Toluidine Blue with respect to nitrite
oxidation is known [30, 41] and the combined use of
Toluidine Blue and carbon nanotubes has been reported for
bioelectrocatalytic applications [42-45], but, to date,
poly(Toluidine Blue) and carbon nanotubes composite films
were not yet described for nitrite detection. The electrochem-
ical and electrocatalytic behavior of both GC/poly-TBO and
GC/poly-TBO-SWCNT electrodes toward nitrite oxidation
was studied comparatively. This was made by investigating
the electrochemical stability and the influence of some expe-
rimental parameters on the voltammetric response (pH, scan
rate). The obtained electrodes were tested as amperometric
sensors for nitrite detection in synthetic and real samples. The
nitrite concentration in a real sample (wastewater) was deter-
mined using the standard addition method and compared to a
standardized procedure (Griess assay).

Experimental
Reagents

Toluidine Blue O (TBO) was purchased from Aldrich
(Steinheim, Germany). Single-walled carbon nanotubes
(SWCNTs) and sodium tetraborate were obtained from
Sigma (St. Louis, MO, USA), while sodium nitrite was pur-
chased from Reactivul Bucharest (Romania). Na,HPO,-2H,O
and NaH,PO4H,O were purchased from Merck (Darmstadt,
Germany).

All reagents were of analytical grade and used as received.
The supporting electrolyte was 0.1 M phosphate buffer solu-
tion, obtained by mixing solutions of Na,HPO4-2H,O and
NaH,PO4H,O in appropriate ratios. When necessary, pH
was adjusted in the interval of 2—10, using H;PO, or NaOH
solutions. The nitrite stock solution used throughout this study
was made of 0.1 M NaNO,, which was then diluted to reach
the desired concentrations.

The electropolymerization solution (pH 9.1) used to modi-
fy the electrodes was composed of 5:10°* M TBO, 0.1 M
NaNOs, and 0.01 M sodium tetraborate [30].

Electrode preparation

Glassy carbon electrodes modified with poly(Toluidine Blue)
(GC/poly-TBO)

Prior to electrochemical experiments, GC electrodes (surface
area of 0.07 cm?) were polished with aqueous 0.3 pm alumina
slurry on a polishing cloth, followed by subsequent washing
for 5 min in an ultrasonic bath with ethanol and water in order
to remove any trace impurities. Then the polymer film elec-
trode was prepared by scanning successive cyclic
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voltammograms of TBO on GC electrode in the potential
range between —0.6 and 1.1 V vs. Ag/AgCl/KCl,, at
50 mV s !, during 20 cycles, in 5-10™* M TBO solution.

Glassy carbon electrodes modified with poly(Toluidine Blue)
and carbon nanotubes (GC/poly-TBO-SWCNT)

The SWCNTs were immobilized onto the GC/poly-TBO
electrode by using water as the dispersing agent. The casting
solution was prepared by introducing 1 mg of SWCNTs into
200 pL deionized water.

The SWCNT were actually oxidized (giving rise to an
oxygen-to-carbon atomic ratio of 6 %, as determined by X-
ray photoelectron spectroscopy, exhibiting the typical narrow
Cls sp2 main signal at 284.1 eV and a small contribution of C-
O moieties at 285.9 eV), bearing enough hydrophilic groups
to be quite easy to disperse. Strong sonication was applied
and, if aggregates were still present, a rather homogeneous
SWCNTs dispersion was achieved. Then 20 pL aliquot of this
sonicated suspension was placed directly onto the GC/poly-
TBO electrode surface and left to dry, after which the elec-
trode was ready for use. In this way, the GC/poly-TBO-
SWCNT electrode was obtained. A microscopic characteriza-
tion of the proposed modified electrode by SEM revealed
deposits with a dendritic-like morphology (Fig. 1a), contain-
ing quite regular substructures of submicron size (Fig. 1b—d)
into which the SWCNTs are expected to be deposited (not
visible by SEM). It is noteworthy that such configuration
“electrode/polymer/nanotubes” might be unexpected by com-
parison to the more conventional “electrode/nanotubes/modi-
fier” configuration, but this latter gave rise to lower sensiti-
vities for the analysis of nitrite (by ca. 20 %), so that the
sandwich configuration GC/poly-TBO/SWCNT was pre-
ferred here.

All presented results are the average one of at least three
identically prepared electrodes, if not otherwise mentioned.

Electrochemical measurements

Cyclic voltammetry was performed in a conventional three-
electrode system. A platinum wire was used as a counter
electrode, Ag|AgCl/KCly,, as a reference electrode, and the
modified glassy carbon electrodes (3 mm diameter) as wor-
king ones. All electrochemical experiments were carried out
using an Autolab electrochemical analyzer (Autolab-PGSTAT
10, Eco Chemie, Utrecht, Netherlands). All measurements
were performed at room temperature.

Batch amperometric measurements at various nitrite con-
centrations were carried out at an applied potential of
+960 mV vs. Ag/AgCl/KClg,, under magnetic stirring, using
0.1 M phosphate buffer solution as supporting electrolyte. The
current-time data were collected using the above mentioned
electrochemical analyzer.
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Fig. 1 SEM micrographs of GC/
poly-TBO-SWCNT at various
magnifications

-

Spectrophotometric analysis of nitrite was carried out with
the UV—Vis spectrophotometer Jasco 615.

Monitoring pH of the phosphate buffer solutions was made
using an HI255 pH meter (Hanna Instruments, Romania),
with a combined glass electrode.

Results and discussions
Basic electrochemical characterization

Typical cyclic voltammograms recorded for TBO
electropolymerization on GC electrode (Fig. 2) are characterized
by well-defined voltammetric peaks. From multisweep potential
scanning of the GC electrode in the TBO solution, it can be
observed that the anodic and cathodic peak currents increased
continuously during cycling (Fig. 2), with shape variations in
agreement with those previously observed for electrodeposited
poly(Toluidine Blue) films [30]. This proves the progressive
deposition of a TBO film on the GC surface, as also confirmed
by the indigo color specific to TBO on the electrode surface. The
application of 20 potential scans for TBO electropolymerization
was the optimum condition giving rise to the highest
voltammetric signals, in agreement with previous observations
made for the electropolymerization of other dyes of related
structure (e.g., 25 cycles for brilliant cresyl blue [31]).
Analysis of the obtained poly-TBO-modified electrodes
without (GC/poly-TBO) or with carbon nanotubes (GC/
poly-TBO-SWCNT) by cyclic voltammetry in phosphate bu-
ffer (pH 7, 10 mV s ', see plain curves in parts A and B of

50.0um

5.00um $4800 7.0kV 8.7mm x20.0k SE(U)

Fig. 3) reveals the existence of peak pairs characterized by
quasi-reversible 2¢  transfer processes (A£,=0.14 V for GC/
poly-TBO and 0.08 V for GC/poly-TBO-SWCNT). Values of
formal standard potentials, E%, of such adsorbed mediator
(evaluated as average of anodic and cathodic peak potentials)
are —0.01 V vs. Ag/AgCl/KCly,, for GC/poly-TBO and
—0.04 V vs. Ag/AgClVKClg, for GC/poly-TBO-SWCNT. The
amount of electroactive TBO moieties was slightly larger in the
presence of carbon nanotubes, resulting in higher apparent

20
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-400 0 400 800
E | mVvs. Ag/AgCI/KCI
Fig. 2 Cyclic voltammograms recorded at 50 mV s ' for TBO

electropolymerization on GC electrode (solution: 5-10™* M TBO, 0.1 M
NaNOs, and 0.01 M sodium tetraborate)

sat
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Fig. 3 Cyclic voltammograms |
obtained at 10 mV s~ using GC/ b“fefv pH7 —— buffer, pH 7

poly-TBO (a at pH 7), GC/poly- T omNo, -- 1°‘M4N°;

TBO-SWCNT (b at pH 7; cat 40 T SAgMNO, wll -5x_13°' MNO,

pH 3) and unmodified GCE — T 10°MNO, —+—10"MNoO, /

(d), respectively, without (plain
curves) and with increasing
concentrations of nitrite in the
medium
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surface coverage (I;pp=6.8% 107" mol ecm™ for GC/poly-
TBO and 15.3x10"'* mol cm™? for GC/poly-TBO-SWCNT).

Actually, the values of surface coverage are related to the
electropolymerization conditions. We even obtained, in other
cases, smaller surface coverages (of 10”'% order), as in [46].
Here, the coverage corresponds to ca. 5—10 TBO units per
square nanometer, so that we do have a very thin coating layer
of few monolayers.

It can be concluded from these results that using SWCNT
has a beneficial effect on the electrochemical behavior of the
modified electrodes (lower AE,, value and a higher amount of
electroactive TBO). Also, it can be observed that the GC/poly-
TBO-SWCNT-modified electrodes exhibit a negative shift of
the £ value, which can be attributed to a specific feature of
CNT-modified electrodes [34].

As expected for surface-confined redox species, the cyclic
voltammograms recorded at various potential scan rates (in the
range of 0.01-6.4 Vs ') presented a linear dependence of peak
current intensity (Z,) on scan rate (v) (results not shown). The
slopes of log 1, vs. log v dependencies were close to the
theoretical value of one, confirming the existence of adsorbed
species. From such measurements performed at different scan
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rates, the heterogeneous electron transfer rate constants, k;, and
transfer coefficients, o, were calculated using the method pro-
posed by Laviron [47], from the variation of the peak potentials
with the potential scan rate and based on the Egs. (1) and (2).
The values for k increases in the sequence: 17.4 s™' (pH 3)<
73.9 s (pH 7)<94.9 s™! (pH 9) for GC/poly-TBO. For GC/
poly-TBO-SWCNT, the k, value was 97.4 s ' at pH 7.

It can be observed that the value of 4 constant for GC/poly-
TBO-SWCNT electrode is slightly higher than for GC/poly-
TBO in phosphate buffer at pH 7.

anF 2.3RT

., RT
E,.—E" = 2.31 | 1
pe anF o8 RTk, + ankF ogY (1)
) RT (1—a)nF ~ 2.3RT
E,—E" = 2.31 1 2
P (1—a)nF °8 RTk, (1—a)nF ogv (2)

The values of & appear rather high in contrast to the CV
curves presented in Fig. 3, but these values depend also
on the surface coverage. Note that values for kg as high
as 135 s~ ! have been reported for a system that was not
reversible (see [48]).
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Fig. 4 Linear dependence of surface coverage /'vs. cycling time for GC/
poly-TBO and GC/poly-TBO-SWCNT. Experimental conditions:
starting potential, —600 mV vs. Ag/AgCI/KCly,; scan rate, 50 mV s ;
supporting electrolyte, 0.1 M phosphate buffer, pH 7

Also, the aforementioned 4 values suggest an influence of
pH, which was especially studied for the GC/poly-TBO elec-
trode (GC/poly-TBO-SWCNT being only used for compari-
son purpose at the optimum pH 7). Actually, not only electron
transfer rate parameters were affected by pH but also the
voltammetric peak potentials were pH dependent (compare
the plain curves in parts B and C of Fig. 3). Within the pH
range investigated here (from 3 to 9), the £ vs. pH depen-
dence was linear, with a slope of 0.038 V/ApH (E°'=0.26+
0.038 pH; R (correlation coefficient)/N (no. of experimental
points)=0.961/7). This suggests the existence of a redox pro-
cess involving 2e /2H" in accordance with literature data [30].

pH was also found to affect the apparent surface coverage
(i.e., the amount of electroactive TBO species per surface unit)
and the stability of the electrode response upon continuous

potential scanning. Stability tests of investigated systems were
realized in potentiodynamic conditions: the potential of modi-
fied electrodes was scanning in the potential range covering
the redox activity of mediator, with the scan rate of 50 mV's ",
during 20 cycles, in phosphate buffer solution of pH 3, pH 5,
pH 7, and pH 9 for GC/poly-TBO and in phosphate buffer
solution of pH 7 for GC/poly-TBO-SWCNT. Actually, pH 7
was the best compromise between good sensitivity and accep-
table stability. As observed for GC/poly-TBO, at pH 5 and pH 9,
the peaks almost vanished after 20 cycles, whereas data obtained
at pH 3 revealed a quite good stability but very low sensitivity
(L app values 4-5 times lower than for the pH range of 5-9).
Further experiments will be thus performed at pH 7. It should be
also noted that if I3, was 2-3 times higher for GC/poly-TBO-
SWCNT than for GC/poly-TBO (as mentioned above), it tended
to deactivate more rapidly. The deactivation rate constants, kgeac,
as calculated from the slope of Eq. 3 (variation of I, values
with time of potential scanning, see Fig. 4), were 3.3x
10 mol em ?s " and 1.1x10"" mol em 2 s™', respectively,
for GC/poly-TBO and GC/poly-TBO-SWCNT.

Fapp = Fapp (r:o)_kdeactt (3)

Based on the good electrochemical stability observed for
GC/poly-TBO-SWCNT (expressed by a low value of deacti-
vation rate constant: 1.1x10"" mol cm ™ s™"), one can as-
sume a rather durable immobilization of SWCNTs on the
electrode surface.

Electrochemical response to nitrite
Cyclic voltammetry evidence of catalytic properties
Figure 3 presents the cyclic voltammograms corresponding to

GC/poly-TBO (part A) and GC/poly-TBO-SWCNT (part B at
pH 7 and part C at pH 3). As can be observed, in the presence

Fig. 5 Cyclic voltammograms
obtained at 10 mV s ' using GC/
SWCNT/poly-TBO (a) and GC/ 100
SWCNT (b), respectively,
without (plain curves) and with
107 M nitrite in the medium
(dashed curves)
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Table 1 Analytical parameters corresponding to amperometric calibration curves for nitrite detection, using GC/poly-TBO and GC/poly-TBO-SWCNT

electrodes (pH was adjusted using 0.1 M phosphate buffer solutions)

Electrode pH Linear calibration log FHog ¢ dependence
DL (uM) SmA M ' em?) Linear range (mM) RIN Slope RIN
GC/poly-TBO 3 0.55 314 0.001-2 0.997/14 0.90+0.02 0.095/18
GC/poly-TBO 7 0.90 50 0.01-0.8 0.996/15 0.98+0.03 0.991/20
GC/poly-TBO-SWCNT 3 0.10 70 0.001-0.4 0.999/20 1.03+0.01 0.998/21
GC/poly-TBO-SWCNT 7 0.37 84.3 0.001-4 0.999/23 0.99+0.01 0.994/23

DL detection limit, S sensitivity, N no. of experimental points

of nitrite, an oxidation peak starts to grow at ca. +0.60 V to
reach a maximum at +0.80 V, which significantly increases
with nitrite concentration. By comparison to the unmodified
GC electrode (Fig. 3d), these signals are slightly shifted to-
ward lower overpotentials (i.e., the oxidation peak starts to
grow at ca. +0.70 Von unmodified GC and reach a maximum
at +0.90 V), suggesting a favorable electrocatalytic effect due
to the presence of TBO onto the electrode surface. The rather
small shift in the observed overpotentials with respect to the
unmodified electrode is consistent with previous observations
for similar mediators applied to nitrite detection [30, 31].
Actually, the oxidation of nitrite is quite complex at glassy
carbon electrode and usually better defined in acidic medium
[49], but all further investigations were preferably made in
neutral pH here because this pH is more appropriate for
amperometric nitrite detection in real samples. In addition,
comparing the responses of GC/poly-TBO and GC/poly-
TBO-SWCNT also features a slightly better electrocatalytic
behavior for GC/poly-TBO-SWCNT (lower overpotentials by
ca. 30 mV) as well as some increase in sensitivity for nitrite
detection in the presence of SWCNTSs (compare parts A and B
in Fig. 3), yet with larger capacitive currents as expected from

the increased electroactive surface area when CNTs are pre-
sent onto the electrode surface. This latter effect should be
overcome when working in amperometric conditions, as
discussed in section “Amperometric detection of nitrite ions.”
Note that this GC/poly-TBO-SWCNT configuration gave rise
to larger electrocatalytic peak enhancement than the GC/
SWCNT-poly-TBO one (compare Figs. 3b and 5a).

From the mechanistic point of view, it appears clearly
that the electrocatalytic effect is due to the poly-TBO
(i.e., no significant electrocatalytic effect of SWCNT,
see control experiment in Fig. 5b) and that the presence
of SWCNT only adds an additional effect of sensitivity
enhancement, which might be explained by their high
specific surface area and good conductivity (contributing
thereby to improve the electrocatalytic behavior of poly-
TBO). The possible electrocatalytic process is thus ex-
pected to operate as previously described [30] and can
be expressed as follows:

poly — TBOH" + NO,  — poly — TBOH™ - NO,"
poly — TBOH*NO, + H,O—poly-TBOH*-NO;~ + 2H" + 2¢~
poly — TBOH" - NO;~ — poly — TBOH" + NO;~

Fig. 6 [ (a) and corresponding

. . . —— GClpoly-TBO
calibration (b) curves for nitrite,

—— GC/poly-TBO-SWCNT

as measured using GC/poly-TBO
(a) and GC/poly-TBO-SWCNT
(b). Experimental conditions: 41
applied potential, +920 mV vs.
Ag/AgCI/KClgy; supporting
electrolyte, 0.1 M phosphate
buffer solution, pH 7. Every step
in [t curves corresponds to a final
concentration of nitrite, and this is 2
obtained by using the same
calculation as in Fig. 4a, curve b,
the last five steps (the previous
steps for curve bare 1, 0.8, 0.6,
0.4,0.2,0.1,0.08, 0.06, 0.04, and
0.02 mM, etc.)

I | pA

A GClpoly-TBO
400 || ® GClpoly-TBO-SWCNT

200 -

I | pA

t /s
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Amperometric detection of nitrite ions

The amperometric measurements were performed in statio-
nary regime, at an applied potential of +0.92 V vs. Ag/AgCl/
KClgy, at two pH values (3 and 7) in magnetically stirred
solutions. The main analytical parameters are presented in
Table 1. The detection limit was calculated as signal/noise
ratio of 3, from a current vs. time curve corresponding to the
analysis of nitrite at a concentration of 8x107> M (Fig. 6).
Figure 6a illustrates typical amperometric signals recorded for
the analysis of nitrite at increasing concentrations at pH 7 (as
well as the corresponding calibration curves in Fig. 6b). The
results clearly show much better sensitivity for GC/poly-
TBO-SWCNT in comparison to GC/poly-TBO (compare
curves “a” and “b” in Fig. 4), confirming again the improving

role of carbon nanotubes in close contact to the polymer. Also,
from successive calibration experiments in the presence of
SWCNTs, it was observed that the analytical parameters
remained almost at the same values (if ten repetitive measure-
ments were made in 1 day, the sensor losts ~2 % of the initial
response). This confirmed once again that SWCNT adhered to
the polymer, most probably via favorable hydrophobic
interactions.

It can be observed from data in Table 1 that the pH solution
significantly influences the linear regression parameters for
GC/poly-TBO and GC/poly-TBO-SWCNT. The best detec-
tion limit (0.1 uM) was obtained with GC/poly-TBO-
SWCNT-modified electrode at pH 3, but the obtained results
prove that both types of modified electrodes constitute quite
good detectors for nitrite, owing to their relatively low

Table 2 A comparison of analytical detection parameters obtained with various modified electrodes in the literature for electrocatalytic detection of
nitrite

Electrode Detection limit (M) Sensitivity (mA M) Linear range (M) Ref.
GC/Hb/AuNPs/PTH/PtNPs 2x1078 - 7x108-12x1073 [4]
EPPG/SWCNT-PB 63%x107° 251.6 32x107°92.5%x107 (7]
CPE/L-SCMNPs 6.2x1077 4840 9.1x107-1.3%x107* (8]
GC/AgNP 12x107° - 107°-1073 [9]
GC/CNF/hemin 3.18x107* 0.84 5.0x103-2.5%10"" [10]
CS-PB/GNS-CNS 10°° 30.7 2.0%x10°-3.9%10"* [11]
PY/CA 5x1077 0.1 1.0x10°-1.0x107* [19]
Pt/poly(1,8-DAN) 1x1077 0.7 5.0x107-1.0x107*
GC/p-NiTAPc 1x1077 - 5.0x107-8.0x107 [20]
GC/FeT4MPyP/CoTSPc 4x10°8 370 2.0%x107-8.6x10°° [22]
GC/nano-Au/P3MT 23%10°° - 1.0x107°-1.0x107° [24]
GC/CuTSPc/PLL 3.6x10°8 830 12x107-1.2%x107° [25]
GC/TBO 5.0x10°8 470 1.0x107-1.5x10° [30]
GC/BCB 1.0x1077 12.1 9.0x107"-1.5x107° [31]
GC/nano-AlLO; 1.0x10°% - 5.0x10%-1.1x107 [32]
CPEs/Au-Py/AlSi 13x107° 71.9 7.9%x107°-7.4x107* [33]
CPEs/Au-Db/AlSi 3.0x107° 53.7

GC/OMIMPF6-MWNT gel Chi 1.0x107® 739 2.0x107%-6.0x107° [39]
GC/Cyt C/DNA/MWNT-PAMAM Chit 3.0x10°® - 2.0x107-8.0x107° [40]
GC/poly-TBO-SWCNT 37%x1077 84.3 1.0x107°-4.0x107° This work

GC/AuNPs/PTH/PtNPs hemoglobin immobilized on gold nanoparticles/polythionine/platinum nanoparticles modified glassy carbon electrode, EPPG/
SWCNTPB single-walled carbon nanotubes-Prussian blue hybrid-modified edge plane pyrolytic graphite, CPE/L-SCMNPs nanocomposite 3,6-bis(2-[2-
sulfanyl-ethylimino-methyl]-4-(4-nitro-phenylazo)-phenol)pyridazine-coated SiO2@Fe304-modified carbon paste electrode, GC/AgNP silver nanoplate-
modified glassy carbon electrode, GC/CNF/hemin carbon nanofiber hemin-modified glassy carbon electrode, CS-PB/GNS-CNS chitosan-coated Prussian
blue nanoparticles with the mixture of graphene nanosheets and carbon nanospheres, P#/CA platinum electrodes modified with a cellulose acetate membrane,
Pt/poly(1,8-DAN) platinum electrodes modified with a poly(1,8-diaminonaphthalene) film, GC/p-NiTAPc nikel tetraaminothphalocyanine film-coated glassy
carbon electrode, GC/FeT4MPyP/CoTSPc glassy carbon electrode modified with alternated layers of iron(Ill) tetra-(N-methyl-4-pyridyl)-porphyrin and
cobalt(Il) tetrasulfonated phthalocyanine, GC/nano-Au/P3MT gold nanoparticles on poly(3GC/Cyt -methylthiophene)-modified glassy carbon electrode,
GC/CuTSPc/PLL glassy carbon electrode modified with copper tetrasulfonated phthalocyanine immobilized by polycationic poly-1-lysine film, GC/TBO
glassy carbon electrode modified with Toluidine Blue O, GC/BCB glassy carbon electrode modified with brilliant cresyl blue, GC/nano-AL0;
nano-alumina-modified glassy carbon electrode, CPEs/Au-Py/AlSi and CPEs/Au-Db/AlSi carbon paste electrodes modified with gold nanoparticles prepared
in an aqueous medium using two charged silsesquioxanes, the propylpyridinium chloride and propyl-1-azonia-4-azabicyclo[2.2.2]octane chloride, GC/
OMIMPF6-MWNT gel Chi ionic liquid (i.e., 1-octyl-3-methylimidazolium hexafluorophosphate, OMIMPF6)-multiwall carbon nanotube (MWNT) gel-
chitosan (Chi) composite-modified glassy carbon electrode, GC/Cyt C/DNA/MWNT-PAMAM Chit multi-walled carbon nanotubes—poly(amidoamine)—
chitosan incorporated DNA and cytochrome c-modified glassy carbon electrode
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detection limits. Good response time was also observed as the
amperometric response reached 95 % of the steady-state value
within ca. 4 s after the addition of nitrite. Compared with
previous works [30], the present system enables to work at
less anodic values (operating potential lower by ca. 200 mV
here) but still suffers from lower sensitivity.

Table 2 compares the analytical performance of ampero-
metric sensors for nitrite, such as sensitivity, linear range, and
detection limit, based on other modified electrodes reported in
the literature. As it can be seen from Table 2, all the analytical
performance obtained for the GC/poly-TBO-SWCNT sensor
presented here is comparable with that obtained in previous
reports and sometimes even better.

On the other hand, as expected for such modified elec-
trodes, in the whole studied concentration range for reaction of
nitrite electrocatalytic oxidation, the apparent reaction order
toward nitrite was very close to unity (see the slope of log /vs.
log C dependence from Table 1, as determined in the concen-
tration range corresponding to linear domain of amperometric
response). This proves that in all cases the nitrite sensors work
under kinetic control, corresponding to reaction order 1 bet-
ween nitrite and the immobilized mediator. It can be observed
that the GC/poly-TBO-SWCNT offered the best performance,
confirming again the beneficial effects of CNTs in enhancing
reaction rates for nitrite oxidation.

The stability of the modified electrodes was finally inves-
tigated. Both modified electrodes present excellent long-term
stability under continuous use. They lost ~5 % of their initial
response after storage for 4 weeks in 0.1 mM nitrite and ~2 %
after storage of a week in 0.1 mM nitrite.

Several chemical species were investigated with respect to
their possible interference in the amperometric determination
of nitrite. The results showed that 100-fold SO4>~, COs>", CI',
NO;~, Ca*", and Mg®" had no noticeable effect (<1 % for
most species, ~3 % for CO5>") on the current responses of
0.1 mM nitrite. These results showed that the obtained am-
perometric sensors possessed high selectivity.

Determination of nitrite in a wastewater sample

The GC/poly-TBO-SWCNT sensor was tested for the detec-
tion of nitrite in a wastewater sample obtained from a compa-
ny of milk products, using the standard addition method. The
real sample was diluted by 100 to fall within the linear range
of the calibration curve, the applied potential was +0.92 V vs.
Ag/AgCl/KCl,, and pH was adjusted to 7. The obtained
nitrite concentration in that sample was 60.6 mM. This value
is very close to that obtained when analyzing the same waste-
water sample using the Griess protocol [50] (i.e., 61.3 mM).
The good agreement between the results obtained using the
spectrophotometric method and those from the electrochemi-
cal method shows the possibility to use this sensor for nitrite
determination in real samples.

@ Springer

Conclusions

This work has demonstrated that the immobilization of single-
walled carbon nanotubes onto glassy carbon electrodes modified
with a polymeric film of Toluidine Blue O contributes to im-
prove the catalytic behavior of the mediator layer toward nitrite
oxidation. Both pH effects (potential shifts, variations in sensi-
tivity, and heterogeneous rate constants) and good stability have
been evidenced. The obtained modified electrodes can be used as
amperometric sensors for nitrite detection. Kinetic parameters
were determined from the calibration curves, and the best sensi-
tivity was obtained for GC-poly-TBO-SWCNT (5.85 mA M ).
The obtained sensors have been successfully applied to the
determination of nitrite concentration in a wastewater sample,
using the standard addition method, and the results were con-
firmed by comparison to the classical spectrophotometric
method.
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