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Rennes, France.

ABSTRACT
An electrode modified by a Ti complex in Nafion® was used in the electrochemical detection

of nitroaromatic compounds (NACs). The catalyst reduces nitroaromatic groups by a 6-electron
process and with a high apparent rate constant k; that was estimated to be at least 19000 mol-!
L s! by simulation of the first step of the cathodic reduction of 4-nitrophenylacetic acid used
as model molecule. The modified electrode was prepared and optimized in terms of Nafion®
and catalyst concentrations. In the chosen analytical medium, the Ti catalyst-containing
electrode shows a good stability in the presence of nitro species. A standard deviation around
15% was calculated on the analysis performed with 28 different modified electrodes, which
could be expected for a drop-coating process. We show that the modified electrode detects
several nitroaromatic compounds such as nitrophenols, mononitroaniline and dinitrotoluene
with detection limits ranging from 1 to 9 x 104 g L-! (0.2-5.1 x 10 mol L!). As an interesting
feature, the sensor exhibits a good selectivity towards NACs detection since titanocene did not

catalyze the reduction of nitroaliphatic compounds.
Keywords : Nitroaromatic pollutants, Titanocene, Nafion, Biomimetic sensor, NAC index

Nitroaromatic compounds (NACs) are unnatural species that came in the environment owing
to anthropogenic activities such as manufacturing and use of dyes, pesticides, pharmaceuticals
and explosives. The nitro group is well-known to reduce the biodegradability of molecules.!
NACs are biorecalcitrant molecules that could accumulate in soils and groundwater? and that
are often highly toxic and mutagenic.> Molecules such as nitrobenzene, 2,4-dinitrotoluene,
mononitrophenols and mononitroanilines have for example been classified by US
environmental protection agency as priority pollutants.*

Reliable and highly sensitive analytical methods are therefore necessary for controlling
environmental pollution. Various techniques have been developed for the detection of NACs,

such as florescence,’ chromatography® and ion mobility spectrometry.’
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The direct electrochemical reduction of nitroaromatic groups in aqueous medium gives
hydroxylamine by a 4-electron process, the high stoichiometry being an advantage for the
sensibility of the sensor. This interesting feature added to intrinsic properties of electrochemical
sensors such as low-cost instrumentation, portability, simplicity to operate, short analysis time
as well as high sensitivity and reliability makes those sensors promising analytical tools for
NAC:s detection. Carbon materials such as graphene and carbon nanotubes have been used to
prepare sensors for detecting NACs.® These materials are particularly efficient for the
enhancement of electron transfer and their high surface hydrophobicity leads to strong
adsorption of organic contaminants, especially the aromatic ones via 7m-m stacking.’
Nanomaterials such as metallic nanoparticles have also proved their efficiency thanks to their
high electroactive surface area and their catalytic properties.!? These electrode materials could
be combined with receptor sites to allow a preconcentration of NACs on the electrode surface
with an enhancement of the selectivity. For example, cyclodextrin,'! porphyrins,!? peptides!3 or
porous matrices such as mesoporous silica,'* ionic liquid’® and molecularly imprinted
polymers'® have been considered. Even if preconcentration methods allow the preparation of
sensors with high sensitivities, the selectivity can only really be achieved through specific
receptors such as molecularly imprinted polymers.'®!7 Another method that gives rise to highly
sensitive and selective sensors is the use of catalysts that are specific to the reduction of nitro
compounds. Biosensors have been prepared with nitroreductases in the presence of a mediator
such as nicotinamide adenine dinucleotide (NADH) or N-(3-pyrrol-1-ylpropyl)-4,4’-bipyridine
for NACs detection.!® Thanks to the fast kinetic rate of the enzyme, limits of detection around
2 umol L-! have been reported for 2,4-dinitrotoluene and 2,4,6-trinitrotoluene.

An interesting alternative to enzymes is the use of molecular catalysts. They offer the
advantages of a more efficient electronic transfer compared to enzymes based systems that often
require mediators, moreover they are less expensive, more stable against time, pH and
temperature variations. The term “enzyme-less biosensor” has been previously attributed to this
kind of sensor."

We have previously reported the interest of titanocene dichloride ((CsHs),TiCl,) for the
electrochemical reduction of biorecalcitrant pesticides containing a nitro group.?’ We have also
shown that it keeps its catalytic activity when immobilized on graphite felt electrodes by
encapsulation in a Nafion film. The catalyst allowed the reduction of nitroaromatic pollutants
into amino derivarives, allowing the enhancement of the biodegradability of the solution. In
this work, we took advantage of the interesting catalytic properties of the titanocene complex

that is able to reduce nitro groups by a 6-electron process to develop a sensor for NACs
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detection. To our knowledge, this constitutes the first example of sensor based on the use of
synthetic catalyst for NACs detection. A kinetic study of the reaction between this catalyst and
a nitroaromatic compound underlines its high catalytic efficiency and so the interest to use it
for NACs detection. The sensor was prepared by the immobilization of the complex in a
Nafion® film. This perfluorinated ion-exchange polymer is well-known for its good proton
conductivity, its mechanical stability, and its ability to preconcentrate species on the electrode
surface.!” The preparation of the sensor was optimized in terms of sensitivity and stability. Its

ability to detect different nitro derivatives was then evaluated.

MATERIALS AND METHODS

Voltammetric experiments were carried out using a SP50 (Biologic) potentiostat/galvanostat.
A glassy carbon electrode (diameter 3 mm), a platinum wire auxiliary electrode, and a saturated
calomel reference electrode were used in a standard three-electrode configuration. Cyclic
voltammetry was carried out in sulfuric acid based electrolyte or NAC solutions, under an argon
atmosphere. For comparison with numerical simulations, the background current obtained from
a blank solution was subtracted from the voltammograms. Between analyses, the modified

electrodes were rinsed with a pH 3 solution.

Numerical simulations of the voltammograms were performed with the KISSA 1D program10
using the default numerical options with the assumption of planar diffusion. Butler—Volmer
law was considered for the electron transfer kinetics 2! and the transfer coefficient, o, was taken
as 0.5. The iR-drop was compensated by using the positive feedback function of the

potentiostat.

RESULTS AND DISCUSSION

Preparation of the modified electrode and optimization steps. Titanocene undergoes
spontaneous hydrolysis in aqueous medium into (CsHs),Ti'V(OH,),>" that can be
electrochemically reduced into its active form (CsHs),Ti'"(OH;),". Cyclic voltammetry
analyses show that titanocene in a 0.5 mol L' H,SO, exhibits a reversible Ti'™V!l system
(equation 1) at E° = -0.44 V/SCE with a peak-to-peak potentials separation AEp close to 60 mV
(Figure 1a).

(CsHs),Ti(OHy),™ (CsHs)oTi(OH2)%" + e (1)
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Nafion® concentration

The electrode was modified by drop-casting a solution containing both titanocene and Nafion®
onto a glassy carbon electrode. The immobilization process of titanocene was optimized, firstly
by varying the initial concentration of Nafion® in ethanol (1.25, 2.5 and 3.75%) with a
titanocene concentration of 0.05 g L-! (2 x 10* mol L!). The immobilized (CsHs),Ti'V(OH,),*"
complex was analyzed by cyclic voltammetry (Figure S1). The electrochemical signal evolved
during the successive first scans and led to a well-defined reversible system after cycling. This
behavior is typical of titanocene/Nafion®-modified electrodes.?? It could be due to the
reduction during cycling of dioxygen that is difficult to remove from the membrane. This
phenomenon was even more pronounced with electrodes modified with a high concentration of
Nafion®. Indeed, after a first conditioning step of 11 cycles (Figure 1b), a second analysis
required 10 cycles to obtain again a well-defined reversible system with an electrode modified
by 3.75% of Nafion®, whereas only 2 cycles are enough when the electrode was modified by a

Nafion® solution of 2.5% and 1.25%.
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Figure 1. a) Cyclic voltammograms of the titanocene complex (4 x 103 mol L) on glassy
carbon electrode (3 mm diameter) in 0.5 mol L' H,SO, (dotted line), and on the Nafion-
modified electrode ([Nafion] = 2.5% and [(CsH;s),TiCl,] = 4 x 10 mol L1, 11t scan) in 0.05
mol L' H,SOy, (solid line). Scan rate: 100 mV s™! b) Reduction peak current Ip normalized to
the reduction peak current after stabilization Ip,,;, vs the number of cycles obtained in cyclic
voltammetry for titanocene-modified electrodes prepared with solutions of 2 x 10 mol L-! of
titanocene and 1.25% (——), 2.5% (----) or 3.75% (.....) of Nafion®. The analysis was performed
with a newly modified electrode (-m-) and after a first stabilization using 11 cycles (-A-) ¢)
Reduction peak current Ip normalized to the initial reduction peak current vs the H,SO,4
electrolyte concentration Ipj,iia obtained in cyclic voltammetry after 60 min of immersion of
titanocene-modified electrodes prepared with solutions of 1.3 g L (5.2 x 10 mol L)
(hatched), 1 g L' (4.0 x 103> mol L!) (none) and 0.05 g L' (2.0 x 10-* mol L") (cross-hatched)

of titanocene. Nafion® concentrations are indicated on the column graph.

Nafion® concentrations lower or equal to 2.5% are therefore favorable and a preconditioning
step of at least 10 cycles in 0.05 mol L-' H,SO, is required before each measurement with a
newly prepared modified electrode.

It is worth noting that the E° of the Ti'V!l reversible system is at -0.53 V/SCE when
immobilized in the Nafion® film whereas it is at -0.44 V/SCE in solution (Figure la). This
cathodic shift of 90 mV is probably due to the reference electrode that is dipped in the solution
and not in the Nafion® medium. A shift of 170 mV was also observed for example with 1,1'-
Ferrocenedimethanol with a system observed at 0.27 V/SCE on glassy carbon electrode and at

0.10 V/SCE on a glassy carbon electrode covered by a Nafion film.
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(CsHs),Ti" (OH,) >+ complex concentration

The sensitivity of the sensor is directly linked to its catalytic activity towards the reduction of
NAC:s. The effect of the catalyst concentration on the sensor sensitivity was also tested (Figure
S2). The concentration of catalyst should be low enough to detect low concentrations of nitro
compounds but high enough to obtain a well-defined electrochemical signal of titanocene.
While no change (Ip/Ip°=1) was observed on the voltammogram after addition of a 5.5 x 10-
mol L-! solution of 4-nitrophenylacetic acid when a concentration of 1 g L-! (4 x 103 mol L")
of titanocene was used to prepare the electrode, a decrease of the concentration by a factor 10
allows a significant increase of the reduction peak current intensity Ip compared with Ip°. The
Ip/Ip® ratio was even higher (3.06) for a concentration of 0.02 g L' (8 x 10 mol L) of
titanocene. This concentration of 0.02 g L-! (8 x 10 mol L-') was chosen to achieve the
calibration curve corresponding to a good compromise to obtain a good resolution of the

voltammogram and a high value of Ip/Ip°.

Electrolyte

The (CsHs),Ti"V(OH,),>" complex is stable in pH < 4 aqueous solutions and loses a
cyclopentadienyl group at neutral pH.?? The effect of the H,SO, electrolyte concentration on
the electrochemical signal of titanocene encapsulated in the Nafion® film was thus checked by
cyclic voltammetry for pH < 4. The electrochemical signal was measured after a
preconditioning step and after dipping 60 min the electrode in the electrolyte solution (Figure

Ic).

The electrochemical signal remained stable at more than 80% in solutions with concentrations
lower than 0.1 mol L', whereas it significantly decreased in 0.5 mol L-! H,SO, electrolyte. For
H,SO, concentrations of 0.05 mol L-!, a good stability (around 85-92%) is obtained regardless
of the concentration of Nafion® used to modify the electrode (1.25, 1.7 or 2.5%). The possibility
to decrease the concentration of H,SO,4 by a factor 10 was tested adding sodium chloride to
assure a good conductivity. Whereas a good stability was obtained in 0.05 mol L' H,SO,, a
loss of 25% of the initial signal was observed in the presence of NaCl. This decrease could be
due to the high concentration of Na" in solution that favors Na" exchange between the
electrolyte medium and the Nafion® film, leading to the leaching of the (CsHs),Ti"V(OH,),*"

complex in solution.
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Kinetics of nitro reduction by titanocene. We fully studied the catalysis of the
(CsHs), TiV(OH,),** complex in H,SO4 to determine the kinetic parameters before doing the
study with the Ti complex immobilized in Nafion. The voltammograms of the reduction of the
(CsHs),Ti'V(OH,),*" complex were recorded for different concentrations of 4-nitrophenylacetic
acid and at different scan rates. As general observations, the cathodic peak current of the Ti
complex considerably increases with the concentration of nitro compound in the range of

investigated scan rates (0.05-0.4 V s!) (Figure 2). The same experiments were performed with

a titanocene-modified electrode and show a similar behavior (Figure S3).
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Figure 2. Cyclic voltammograms of titanocene (1 g L1, 4 x 10~ mol L") in 0.5 mol LT H,SO,
before (—) and after addition of 2.8 x 10* mol L' (---), 5.5 x 10* mol L! (--), 1.1 x 10-3 mol
L1(.....), 1.6 x 10 mol L' (----) 4-nitrophenylacetic acid on a 3 mm diameter glassy carbon
electrode (left). Simulations of voltammograms considering all the reduction steps after the first

one as fast and k; = 1.9 x 10* mol! L s°! (right). The background was subtracted.

For titanocene without NACs, the intensity of the peak current varies linearly as a function of
the square root of the scan rates (Figure S4) as expected for a diffusion-limited process. A
diffusion coefficient of 3.4 x 10 cm? s! was derived in homogeneous solution from the slope
of the best fit straight line assuming a fast electron transfer (Figure S4). This value is lower than
those reported in acetonitrile for titanocene (1.4—1.6x1073 cm? s71)?3 but is in the same order of
magnitude as values obtained for similar size complexes in aqueous solutions?* owing probably

to the solvation effect.

When titanocene is immobilized into a Nafion® film, a linear dependence between current and
the square root of the scan rate is also observed, showing that the mass transport process follows
the diffusion Fick’s laws in the film as it does in solution. An apparent charge transfer rate
between the catalyst and the nitro compound (k;) was estimated in homogeneous solution from
simplified numerical simulations of the voltammograms of Figure 2. To simplify, an outer-
sphere mechanism presented on Scheme 1 was considered. It involves a monoelectronic charge
transfer between the Ti catalyst and the nitro substrate. From cyclic voltammetry analysis of
titanocene, assuming a Buttler-Volmer law and considering the reduction peak current value
and the peak-to-peak potential separation between the cathodic and anodic scans,> the
electrochemical apparent charge transfer standard rate constant k; was estimated at 0.016 cm s-!
(the charge transfer coefficient was considered as a = 0.5). This value is in the same order of

magnitude than other organometallic complexes used as redox catalysts?* 26 but is much lower
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than the fast ferrocene/ferrocenium system that has been reported to be 1 cm s in organic
medium.?’

(CsHs),Ti(OH),%* + e (C5H5),Ti(OHy),* ks (2)

(CsHs)oTi(OH),* + RNO, ——  (CsHs)aTi(OHp),** + RNO, ™ ki (3)

Scheme 1. Outer-sphere mechanism considered for the catalytic reduction of 4-

nitrophenylacetic acid by the titanocene complex to simulate cyclic voltammograms.

The first reduction step was taken as the rate-determining step, since the neutral radical is
generally easier to reduce than the starting nitro compound in an outer-sphere mechanism.?® In
order to simplify, the other steps leading to the formation of the amino derivative by the 6-

electron reduction process (4) were considered as fast.
RNO, + 6e” + BH* — RNH, + 2H,0 (4)

Simulated voltammograms display a reasonable agreement with the experimental ones (Figure
2) when an apparent chemical rate constant k; of 1.9 x 10* mol-! L s*! was used. This value is
in the same order of magnitude than the apparent chemical rate constants previously estimated
for immobilized nitroreductase ranging from 1.3 x 10*to 7.3 x 10* mol-! L s*! depending on the
nitro substrate.!88 This result underlines the high catalytic ability of the Ti complex towards the
reduction of nitroaromatic compounds.

A theoretical highest apparent chemical rate constant for the titanocene complex of 5.8 x 103
mol-!' L s! could be estimated considering an outer-sphere mechanism, which is 30 times higher
than the value found for the apparent chemical rate constant k;. On the sole basis of these data,
we cannot discriminate between the occurrence of an outer or inner-sphere mechanisms.
However, since nitroaromatic reduction catalyzed by titanocene avoids the formation of
hydroxylamine intermediates,® an inner-sphere mechanism could be expected for the reduction
of nitro species catalyzed by the Ti complex.

The kinetic study of titanocene immobilized in the Nafion® film requires to know the
concentration of the Ti complex. It was estimated to be 0.14 mol L! from the amount of
deposited titanocene (20 uL of a 4.0 x 10-3 mol L-! titanocene solution) and the volume of the
Nafion® film (cylinder of 6 mm diameter and 20 pum thickness). However, when immersed in
aqueous solution, the Nafion film is swelling and its volume increases, causing a decrease of

9
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the concentration. A better estimation can be done by simulation of voltammograms presented
in Figure S3. A similar catalytic behavior to the one in solution can be expected comparing
voltammograms of titanocene in solution after addition of 4-nitrophenylacetic acid (Figure 2)
and when immobilized (Figure S3). Considering therefore the same apparent chemical rate
constant k; of 1.9 x 10* mol-! L s*! for the catalytic reduction of the nitro group, a concentration
of 0.12 mol L' could be measured for the immobilized catalyst. It is worth noting that for a
better accuracy, direct reduction of the nitro group was also considered in these simulations
since voltammograms at 0.05 V s°! showed a peakbroadening. From the slope of Figure S4, an
apparent diffusion coefficient of 5 x 10 cm? s! was found. The low mass transport of
titanocene dichloride in the Nafion® film compared with homogeneous solution is consistent
with literature.?® 39 The electrochemical apparent charge transfer standard rate constant k; of
titanocene was also determined when the catalyst is immobilized in a Nafion® film. A much
lower value, 2.5 x 10 c¢cm s’!, was found that is consistent with the existence of interactions
between the electroactive sites, as it has been previously mentioned.?® The catalyst/substrate
ratio deduced from simulation confirms the expected preconcentration of the nitro compound

in the Nafion® film by a factor of 3.

Thus, the apparent charge transfer standard rate constant &; of the catalyst towards the reduction
of 4-nitrophenylacetic acid is high, predicting a high electrochemical signal since the increase
of the peak current is known to be enhanced with high values of k. Preconcentration of nitro

species on the electrode surface underlines the interest of Nafion® to immobilize the catalyst.

Calibration plot and detection limit for 4-nitrophenylacetic acid. The dependence of the
electrochemical signal on the concentration of 4-nitrophenylacetic acid was examined by cyclic
voltammetry on four different (CsHs),Ti"V(OH,),?"-modified electrodes and is given in Figure

3.

10
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and linear fit for a concentration range of 0.3 to 27.6 x 107> mol L-!. Error bars are based on
43 electrochemical signal given by 4 different modified electrodes with three measures per

45 electrode. The background was subtracted.

The curve is linear in the studied range of 0.3 to 27.6 x 10 mol L-! with a correlation
50 coefficient of 0.9994 and can be expressed according to the following equation:

52 Ip (uA)=1.1 (x0.1) + 6.2 (= 0.1) x 10* [4-nitrophenylacetic acid] (mol L)

54 The limit of detection (3 x the standard deviation of five blank determinations) was determined

from:!°

57 St-Sb > 3 (5)
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where St is the gross analyte signal, Sb the field blank and ¢ the standard deviation in the field
blank.

St and Sb were the maximum current intensity of the corresponding peaks.

We found a limit of detection of 4.1 umol L' (7.4 x 10* g L!) with Sb + 36 = 1.354 pA. This
value is in the same order of magnitude as limits of detection measured by nitroreductase
biosensors for NACs detection (2 umol L1).182 This result shows that low limits of detection

could also be reached with such simple cost-effective biomimetic sensor.

Stability and reproducibility. The stability of the (CsHs),Ti'V(OH,),?"-modified electrode was
checked by cyclic voltammetry experiments (Figure 4). After immersion of the electrode in
0.05 mol L' H,SO4 and stabilization of the signal (after 10 cycles), cyclic voltammetry analyses
were performed (2 measurements of 3 cycles) every 5 min. The electrode was rinsed with an
acidic solution or just left in the electrolyte for 5 min between each analysis. 9 different
modified electrodes were tested. A seen in Figure 4a, the electrochemical signal corresponding
to the maximum of the oxidation peak slowly decreased reaching 80% of the initial value after
12 analyses. This discrepancy clearly depends on the modified electrode although a decrease
was always observed. The same experiments performed with an electrode modified using
1.25% Nafion® and 2 x 10 mol L (CsHs),TiCl, led to similar results (Figure S5). This
decrease is probably due to the leaching of the Ti catalyst during cycling. It is worth noting that
dipping the electrode in the electrolyte between the analyses did not lead to a higher decrease
of the electrochemical signal. A better stability is observed with the modified electrode when
cyclic voltammetry analyses were performed in the presence of 4-nitrophenylacetic acid (Figure

4b), showing that the electrode could be used several times for the analysis of nitro compounds.

—
103}.
U4 ] §
iji, )
. f-}.%}
0.8 ; -
E 4
o
3 06+
-
@
N
@ 0.4
g0.
(=]
z
0.2
0.0 ; - : > : -
0 2 4 6 8 10 12

Number of analysis

12

Page 12 of 21


http://pubs.acs.org/action/showImage?doi=10.1021/acs.analchem.8b04671&iName=master.img-013.jpg&w=196&h=170

Page 13 of 21

oNOYTULT D WN =

1.04 Pl
= = W " = B ]
0.8+

0.6 4

0.4 4

Normalized current

0.2 1

0.0

T T ¥ T T T T T
0 2 4 6 8 10 12
Number of analysis

0.00254 ¢) "

0.0020 - l
0.0015-

0.0010

Current (uA)

0.0005 +

0.0000 - -
Electrode 1 Electrode 2 Electrode 3 Mean value

Figure 4. a) Oxidation peak current measured by cyclic voltammetry in 0.05 mol L' H,SO4
and normalized by the signal of the first analysis after stabilization of (CsHs),Ti"V(OH,),?"-
modified electrode ([Nafion®] = 1.25% and [(CsHs),TiCl,] = 8 x 10~ mol L-!) Error bars are
based on the electrochemical signal given by 9 different modified electrodes. b) Reduction peak
current measured by cyclic voltammetry in 0.05 mol L-!' H,SO,4 and normalized according to
the first analysis after stabilization of (CsHs),Ti"V(OH,),?"-modified electrode ([Nafion®] =
1.25% and [(CsHs),TiCl,] = 8 x 10-3 mol L-!) after addition of a 5.5 x 10~ mol L-! solution of
4-nitrophenylacetic acid. Scan rate: 100 mV s°! ¢) Mean value of the maximum reduction peak
current response measured by cyclic voltammetry in 0.05 mol L' H,SO, (2% cycle) of 28
different (CsHs),Ti'V(OH,),**-modified electrodes ([Nafion®] = 1.25% and [(CsHs),TiCl,] = 8
x 1073 mol L) (10 from electrode 1 and 9 from electrode 2 and 3). A mean value taking into

account the 28 data is also given.

The stability of the modified electrode during 4-nitrophenylacetic acid analysis was confirmed
by the similitude of cyclic voltammograms performed before and after the establishment of the
calibration plot (Figure S6). It is also worth noting that the simplicity and low cost of the
electrode modification that could be for example applied to screen-printed electrodes would

allow their use as disposable devices.
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Reproducibility experiments were carried out on 3 different glassy carbon electrodes. The
electrodes were cleaned and modified 10 or 9 times with the same protocol ([Nafion®] = 1.25%
and [(CsHs),TiCl,] = 8 x 10~ mol L-'). Each modified electrode was analyzed by cyclic
voltammetry and the value of the reduction peak was measured after two stabilization steps of
10 cycles. Only one data on the 29 analyses was not taken into account since the current value

was very different from the other electrodes. Results are given in Figure 4c.

The standard deviation is in the range of 14 to 21% depending on the GC electrode, which is
consistent with the difficulty to obtain reproducible modified electrodes using drop-coating of
a Nafion® solution.!” When different GC electrodes with the same diameters of glass and of
carbon are used, the reproducibility is similar than those obtained on a single electrode as it is
outlined by the standard deviation found when all the 28 experiments are considered (around

15%).

Detection of nitroaromatic pollutants. The detection of different nitroaromatic pollutants by
the (CsHs),Ti"V(OH,),>"-modified electrodes was evaluated. Results are given in Table 1. Ti
complex immobilized in the Nafion® film catalyzed nitro derivatives (m-nitrophenol, p-
nitrotoluene, nitrobenzene, m-nitroaniline) that have a reduction potential peak on Nafion®/GC
electrode slightly shifted in the negative potentials compared with the half wave potential of

the Ti'V! catalyst (from 25 to 95 mV) (Figure 5a).
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Figure 5. Cyclic voltammograms in 0.05 mol L' H,SO,4 on a Nafion coated electrode
([Nafion] = 1.25%, 3 mm diameter) of 0.5 g L! a) m-nitrophenol (-.-.-), p-nitrotoluene (----),
nitrobenzene (...... ), m-nitroaniline (—).b) 2,4-dinitrotoluene (—), metronidazole (...... ),

2,6-dinitrophenol (-----). Scan rate: 100 mV s

It was also possible to detect nitroaromatic compounds (2,4-dinitrotoluene, metronidazole, 2,6-
dinitrophenol) with a reduction potential less negative or close to those of the Ti'VI' complex
(Figure 5b). In those cases, the electrochemical signal corresponds to both direct reduction of
the nitro group and catalytic process. As for 4-nitrophenylacetic acid, a calibration curve was
established (Figure S7) and the detection limit was calculated for each species (Table 1). The
sensitivities given by the slope are between 4 and 20 x 10* uA mol! L, depending on the nature
of the nitro species. When only the catalytic process occurs, it does not follow the order of the
onset values of the reduction peaks (m-nitroaniline > m-nitrophenol > nitrobenzene > p-
nitrotoluene) that is linked to the nature and the position of the electron withdrawing or electron
donor groups attached on the phenyl ring, as it could be expected for an outer-sphere
mechanism. This result confirms an inner sphere mechanism of the Ti complex. For
metronidazole and 2,6-dinitrophenol, a shift of the potential was observed when the
concentration of nitro species increases, owing to the competition of the catalytic process with
direct reduction. Detection limits of 1-9 x 104 g L' (0.2-5.1 x 10" mol L") were determined.
They are of the same order of magnitude than the value obtained with biosensor for 2,4-

dinitrotoluene and 2,4,6-trinitrotoluene detection (2 x 10 mol L1).
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Table 1: Calibration curve equations and detection limits for the nitroaromatic pollutants using

the (CsHs),Ti"V(OH,),?"-modified electrode

Species Ip (nA) = f(X) Correlation  Detection limit /
with C = 104 x [nitro species] (mol coefficient ~ x 104 gL (x 10°
L1 mol L)
m-nitrophenol 22(£0.1)+4.38(*0.08) xC 0.9991 2.2(1.6)
p-nitrotoluene 1.39 (£0.09) + 6.68 (= 0.05) xC ~ 0.9998 43 (3.1)
nitrobenzene 1.7(£0.5)+11.0(=0.3) xC 0.9980 1.6 (1.3)
m-nitroaniline 03(x0.3)+20.6(0.2)xC 0.9998 1.8 (1.3)
2,4-dinitrotoluene  0.81 (= 0.07) + 10.00 (£ 0.05) x C  0.9999 3.7(0.2)
metronidazole 1.1 (£0.6)+19.2(=0.5)xC 0.9983 1.4 (0.8)
2,6-dinitrophenol  -0.2 (£0.3) + 18.8 (= 0.3) x C 0.9993 9.4 (5.1)

The catalytic ability of titanocene to reduce nitro aliphatic compounds was also checked with
nitromethane and nitrocyclohexane. No catalytic activity was observed for both compounds
(Figure S8) even for nitromethane that has an onset value of the reduction potential around -0.6
V/SCE, showing that the (CsHs),TiV(OH,),>*-modified electrode is selective to NACs

detection.

CONCLUSIONS

(CsHs),Ti"(OH,)," presents a high catalytic activity towards the reduction of nitroaromatic
compounds with a 6-electron process and a high apparent chemical rate constant k; of 1.9 x 104
mol-!' L s. We took advantage of this property allowing a constant potential measurement to
achieve a sensor for NACs detection. Titanocene was immobilized in a Nafion® film on a glassy
carbon electrode, as a first and simple method to highlight the performances of the sensor.
Indeed, Nafion® allows a preconcentration of the nitro derivatives at the electrode surface
during the analysis. A good stability and reproducibility for an electrode modified by drop-
coating of a Nafion® solution are obtained. The modified electrode was able to detect several
nitroaromatic pollutants at a fixed potential with a good linearity in the range of 5 to 500
x 10~* g L' and a detection limit around 1-9 x 10-* g L-! (0.2-5.1 x 10°° mol L-!) depending on
the nature of the analyte. Nitroaliphatic compounds are not detected, underlining the selectivity
of the modified electrode for NACs. The sensor is therefore able to give quantitative

information about the presence of nitroaromatic pollutants in aqueous solutions, giving rise to
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the NAC index, as referred to the phenol index used for the quantification of phenolic
compounds in water quality monitoring. Since NACs are unnatural species that are often
biorecalcitrant owing to the presence of the nitro group into their structure, a fast detection on

pollution by NAC:s is required in water quality monitoring.

ASSOCIATED CONTENT
Supporting information
Preparation of the modified electrode and optimization steps; kinetics of nitro reduction by
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