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Abstract The electrocatalytic mechanism of Cr(III) reduction
in the presence of diethylenetriaminepentaacetic acid (DTPA)
and nitrate ions is studied theoretically and experimentally by
using stripping square-wave voltammetry (SWV).
Experimental curves are in excellent agreement with theoret-
ical profiles corresponding to a catalytic reaction of second
kind. This type of mechanism is equivalent to a CE mecha-
nism, where the chemical reaction produces the electroactive
species. Accordingly, the reaction of Cr(III)–H2O–DTPA and
NO�

3 would produce the electroactive species Cr(III)–NO3–
DTPA and this last species would release NO�

2 to the solution
during the electrochemical step. In this regard, the complex of
Cr(III)–DTPA would work as the catalyzer that allows the
reduction of NO�

3 to NO�
2 . Furthermore, it was found that

the electrochemical reaction is quite irreversible, with a con-
stant of ks = 9.4 × 10−5 cm s−1, while the constant for the chem-
ical step has been estimated to be kchem = 1.3 × 104 s−1.
Considering that the equilibrium constant is K = 0.01, it is
possible to estimate the kinetic constants of the chemical reac-
tion as k1 = 1 × 102 s−1 and k−1 = 1.29 × 104 s−1. These values
of k1 and k−1 indicate that the exchange of water molecules by
nitrate is fast and that the equilibrium favors the complex with

water. Also, a value for the formal potential E°’ ≈ −1.1 V was
obtained. The model used for simulating experimental curves
does not consider the adsorption of reactants yet. Accordingly,
weak adsorption of reagents should be expected.

Keywords Square-wave voltammetry . Catalytic .

Mathematical modelling . DTPA . CEmechanism .

Cr speciation . Catalysis of second type

Introduction

Nowadays, catalytic electrochemical reactions are of central
attention in voltammetric analysis. This is because they pro-
vide the possibility for developing highly sensitive strategies
for quantitative determination [1–8]. Incidentally, catalytic ca-
thodic stripping voltammetry (CCSV) has proved to be useful
for quantifying Cr(VI) in some natural waters with detection
limits below the nanomolar level [1, 2, 10, 11]. The toxicity of
Cr species strongly depends on its oxidation state. Cr(VI) is a
carcinogenic specie which is obviously toxic for humans,
while trace levels of Cr(III) are required as mineral supple-
ment of our diet [1, 10, 11]. Thus, speciation of Cr is necessary
to assess its ecological impact as well as its mobility through
the environment. Several efforts have been done in this regard.
Particularly CCSV has been applied to study the reaction of
Cr (VI ) and Cr ( I I I ) spec i e s in the p re sence o f
diethylenetriaminepentaacetic acid (DTPA) [1, 4, 10–14].
Irrespectively of the chromium oxidation state, the peak cur-
rent has been assigned to the reduction of Cr(III)–DTPA to
Cr(II)–DTPA at a mercury drop surface.

DTPA is a chelating agent that forms very stable complexes
with several transition-metal cations [4, 11, 15]. This ligand
has eight acid-base equilibria that define the relative concen-
trations of the cationic, neutral, and anionic species of DTPA
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at a given pH, as well as the diverse kind of complexes that
can be formed with metal cations. In the case of Cr(III), all
complexes have stoichiometry 1:1 and their remarkable stability
can be inferred from the stability constants βCrDTPA = 1.1 × 10

22,
βCrDTPAH = 1.5 × 1028, βCrDTPAH2 = 1.1 × 1031, and
βCrDTPAH3 = 3.0 × 10

32 [15].
The electrochemical reaction of Cr(VI) and Cr(III) species

in the presence of DTPA and nitrate ions can be described
according to the following set of equations [11]:

For −1.2 V < E < −1.0 V:

CrO2−
4 solð Þ þ 8Hþ

3e−

→ Cr IIIð Þ solð Þ þ 4H2O ð1Þ

Cr IIIð Þ solð Þ þ DTPA solð Þ
K f

⇄ Cr IIIð Þ−DTPA solð Þ ð2Þ

Cr IIIð Þ−DTPA solð Þ
Kad

⇄ Cr IIIð Þ−DTPA adsð Þ ð3Þ

For −1.5 V < E < −1.2 V:

Cr IIIð Þ−DTPA adsð Þ
ks
⇄
1e−

Cr IIð Þ−DTPA solð Þ ð4Þ

Cr IIð Þ−DTPA solð Þ þ
1

2
NO−

3 solð Þ þ Hþ
kcat
→ Cr IIIð Þ−DTPA solð Þ

þ 1

2
NO−

2 solð Þ þ
1

2
H2O ð5Þ

ð5Þ
Eqs. (1, 2 and 3) take place during the accumulation step,

while Eqs. (4, 5) correspond to the so-called catalytic mecha-
nism of first kind [9]. The latter can be rewritten in a general
form as:

O solð Þ
Kad

⇄ O adsð Þ
ks
⇄
ne−

R solð Þ ð6Þ

R solð Þ þ Y exð Þ
kcat
→ O solð Þ ð7Þ

where O corresponds to Cr(III)–DTPA, R to Cr(II)–DTPA,
and Y to NO3

−. Equations (6, 7) define an EC’ reaction
scheme, where E refers to the electrode reaction and C’ indi-
cates the irreversible chemical step that regenerates the reac-
tant. In this particular case, the oxidized form of the
electroactive species is supposed to be adsorbed and releases
the reduced product to the solution. The electrochemical reac-
tion of diverse metal complexes undergoes a similar
adsorption/desorption scheme during their electrochemical re-
duction [16–21].

Recently, we developed amodel for the catalytic adsorptive
stripping response of square-wave voltammetry (SWV) de-
scribed by Eqs. (6, 7); however, we were not able to match
experimental results of Cr–DTPAwith simulated curves [22].
Fortunately, there is another reaction scheme that has been
used for describing the catalytic response of systems such as
Co(III)/Co(II) and V(III)/V(II) in the presence of NO2

− [23].
This mechanism is denominated catalytic system of second
kind and can be described as follows [9]:

O solð Þ þ Y solð Þ
k

0
1
⇄
k

0
−1

P solð Þ ð8Þ

P solð Þ
k
0
s
⇄
ne−

R solð Þ þ Y solð Þ ð9Þ

Equation 9 indicates that only the complex P is
electroactive, while the global reaction given by Eqs. (8, 9)
points out that species O is consumed to produce R and that

species Y works as the catalyzer. Here k
0
1 and k

0
�1 are second

order homogeneous rate constants. However, since the con-
centration of nitrate ions is several orders of magnitude higher
than that of chromium species, Eq. (8) can be simplified as a
pseudo-first order reaction. In the present study, the
voltammetric response of Cr–DTPA in the presence of nitrate
is evaluated experimental and theoretically under SWV
conditions.

The model

The mathematical model required for Eqs. (8, 9) is rather
complex. However, according to the experimental conditions
for the system Cr–DTPA, the concentration of nitrate is sev-
eral orders of magnitude higher than that of the analyte. Thus,
it can be assumed that the concentration of NO�

3 does not
change at the electrode surface. This fact can be summarized
as follows:

O solð Þ
k1
⇄
k−1

P solð Þ ð10Þ

P solð Þ
ks
⇄
ne−

R solð Þ ð11Þ

Equations (10, 11) correspond to a simple CE reaction
mechanism [9, 24–26]. Here, k1 and k−1 are the pseudo-first
order homogeneous rate constants, the ratio k1k−1

−1 = K,
which is the equilibrium constant for the complex formation
of P species, and ks is the charge transfer standard rate con-
stant. Application of the second Fick’s law to each of these
species gives the following differential equations [24, 25]:

J Solid State Electrochem

Author's personal copy



∂cO=∂t ¼ D ∂2cO=∂x2
� �

–k1 cO–cPK
−1� � ð12Þ

∂cP=∂t ¼ D ∂2cP=∂x2
� � þ k1 cO–cPK

−1� � ð13Þ
∂cR=∂t ¼ D ∂2cR=∂x2

� � ð14Þ

where a common diffus ion coeff ic ien t value ,
D = 4 × 10−6 cm2 s−1 is assumed for Eqs. (12, 13, and 14).
Also, the following set of boundary conditions is considered:

t ¼ 0; x ¼ 0 : cO þ cP ¼ c* ; cOc
−1
P ¼ K ð15Þ

cR ¼ 0 ð16Þ
t > 0; x→∞ : cO þ cP→c*; cOc

−1
P →K ð17Þ

cR→0 ð18Þ
x ¼ 0 : ⋅D ∂cO=∂xð Þx¼0 ¼ 0 ð19Þ
D ∂cP=∂xð Þx¼0 ¼ –I=nFA ð20Þ
D ∂cR=∂xð Þx¼0 ¼ I=nFA ð21Þ
I tð Þ=nFA ¼ –ksexp –α φ tð Þ½ � cOð Þx¼0– cRð Þx¼0exp φ tð Þ½ �� �

ð22Þ
φ tð Þ ¼ nF E tð Þ � E�0� �

=RT ð23Þ

According to Eqs. (20, 21, and 22) the oxidation current is
considered as positive. The parameter A is the electrode sur-
face area, E(t) is the square-wave potential function, E°’ is the

formal potential for a simple redox reaction, and other sym-
bols have their usual meaning. The current is normalized ac-
cording to:

Ψ tð Þ ¼ I tð Þ⋅π1=2 nFAc* f Dð Þ1=2
h i

−1 ð24Þ

where f is the square-wave frequency. The following change
of variables is required to solve the differential Eqs. (12, 13)
[24]:

ϕ ¼ cO þ cP ð25Þ
θ ¼ cO–cPK

–1
� �

exp kchemtð Þ ð26Þ

The variable kchem = k1 + k−1, is the cumulative rate con-
stant of the coupled chemical reaction. After the change of
variables, a new set of equations is obtained [24]:

∂ϕ=∂t ¼ D ∂2ϕ=∂x2
� � ð27Þ

∂θ=∂t ¼ D ∂2θ=∂x2
� � ð28Þ

D ∂ϕ=∂xð Þx¼0 ¼ –I=nFA ð29Þ
D ∂θ=∂xð Þx¼0 ¼ Iexp kchemtð Þ =nFAK ð30Þ

The expression for the current is obtained by numerical
integration [27]:

where =K(K + 1)–1;ℵ(m) = μ exp[αφ(m)];Ξa(m) = ∑
m−1

j¼1
Ψ(j)S(i);

Ξb(m) = ∑
m−1

j¼1
Ψ(j)Q(i); S(i) = (i)1/2 − (i − 1)1/2; i = m − j + 1;

Q ( i ) = {S ( i ) + γY ( i ) } ; Y ( i ) = e r f [ (k c h emδ i ) 1 / 2 ] − e r f
[(kchemδ(i − 1))1/2]; λ = π (q/2)1/2; T (m) = exp[φ(m)];
γ = [π(kchemδ)

−1]1/2(2K)−1μ = [Dπ δ −1]1/2(2ks)
−1 and

δ = (q f)−1. Here, q stands for the number of subintervals
considered in each wave and a value of q = 50 has been
employed for all calculations.

Experimental

All solutions were prepared with ultrapure water
(18 MΩcm) from a Millipore MilliQ system. The solutions
were buffered with 0.5 M acetic acid/Na acetate in 0.1 M
KNO3 (Sigma, Arg.), pH 6.5. Variable amounts of HNO3

(Merck, Arg.) and KOH (Merck, Arg.) were used in order
to adjust the pH to the desired value. The pH was checked

before each experiment with a combined glass electrode.
DTPA (Sigma, Arg.) solution was prepared by dissolving
the appropriate amount of the reagent and the addition of
25 % ammonia (Suprapur, Merck, Arg.) until pH 6.0. A
stock solution of Cr(VI) was prepared by dissolving
K2CrO4 (Cicarelli, Arg.) in deionized water. All chemicals
were reagent grade and used as received.

Solutions were degassed with high-purity nitrogen for
15 min prior to the measurements and for additional 20 s
before each scan. A nitrogen atmosphere was maintained
throughout the experiments. Each scan was done on a separate
mercury drop at room temperature.

Measurements were performed with an Autolab (Eco-
Chemie, Utrecht, Netherlands), equipped with a PSTAT 20
potentiostat and the GPES 4.3 software package. A static mer-
cury drop (VA 663Metrohm, Switzerland) with a surface area
of 0.40 mm2 was used as the working electrode. A glassy
carbon rod was the counter electrode and all potentials in the
text are referred to a Ag(s)|AgCl(s)|KCl(aq) (3 M) reference
electrode.
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Parameters in SWVexperiments were defined as usual and
reducing currents are considered to be negative [16–22, 25,
26]. In all cases, capacitive currents were subtracted.

Results and discussion

The electrochemical response of 0.3 μMCr(III)–DTPA in the
presence of 0.1 M KNO3 is analyzed by cathodic stripping
SWV. In all cases, cathodic scans are performed in 0.5 M
acetate buffer at pH = 6.5 using a potential step (dE) = 5 mV.
After extruding the mercury drop, a pre-concentration step
under stirred conditions was applied during tac = 30 s at
Eac = −1.10 V. After a waiting period of 5 s in rest solution,
the potential scan was started in the negative direction. The
experimental results are compared with simulated curves cal-
culated with Eq. (31). In all the cases, circles correspond to
experimental data, while solid lines are theoretical curves.

It is well-known that the shape of voltammetric curves
depends dramatically on the number of exchanged electrons
[28]. Parameters such as the peak width at half height can
decrease between 20 and 40 mV if a reaction exchanges 2
electrons instead of 1 electron [28]. The magnitude of this
diminution depends on the square-wave amplitude (Esw) used
and on the reaction mechanism analyzed. However, once a
feasible reaction mechanism has been selected, the first and
simplest simulation step consists on determining the number
of exchanged electrons. For the case of the electrochemical
response of trace amounts of Cr(III)–DTPA in the presence of
0.1 M KNO3, all experimental data can be fitted when the
direct transfer of 2 electrons is considered. Besides,
voltammetric experiments performed in the absence of nitrate
ions give profiles that are identical to the baseline, not shown.

In Fig. 1, the forward and backward components of SWV
experiments are presented together with simulated curves.
Figure 1 (a–c) corresponds to different values of f, which is
the parameter that determines the scan rate in SWV.
Experimental voltammograms have been divided by f1/2 to
compare them with theoretical profiles, which are normalized
according to Eq. (24). The reduction process assigned to the
complex Cr–DTPA is observed in the potential range
−1.5 V < E < −1.2 V. The shapes of the voltammetric curves
evidence a rather slow charge transfer because the backward
current does not present a peak. The effect of the coupled
chemical reaction becomes more evident for the highest
values of f [25]. In this regard, the peak of the normalized
forward current decreases with the increment of f and the
forward and backward components of current have shapes
similar to sigmoid curves for f = 200 Hz, Fig. 1c. The peak
potential (Ep) of the forward curve can be observed close to
−1.34 V. However, the Ep value is not constant and shifts
towards more negative potentials when f is increased. The

signal observed for E < −1.5 V corresponds to the reduction
of protons to molecular hydrogen.

As already mentioned, lines in Fig. 1 correspond to simu-
lated profiles obtained from Eq. (31). The experimental data
have been divided by f1/2 to simplify the comparison with
normalized theoretical curves. As it can be observed, theoret-
ical and experimental curves present very good correlation.
Calculations were performed using the following parameters
ks = 9.4 × 10

−5 cm s−1, kchem = 1.3 × 104 s−1,K = 0.01,α = 0.40,
n = 2, E°’ = −1.098 V, where the value of f was increased from
25 to 200 Hz for Fig. 1a to c, respectively. Besides the diverse
parameters that result from simulated voltammograms, it is
also necessary to calculate the scaling factor that transforms
the dimensionless current into the measured current, Eq. (24).
The scaling factor calculated for A = 0.004 cm2, c* = 0.3 μM,
and D = 4 × 10−6 cm2 s−1 is equal to 2.61 × 10−7 A s1/2, which
is very close to the value 3 × 10−7 A s1/2 required to fit theo-
retical curves with experimental results. The minor difference
between both scaling values would depend on the selected
diffusion coefficient and eventually on the amount of
adsorbed species. In this regard, it is important to keep inmind
that the model does not consider the accumulation by adsorp-
tion of electroactive species. However, the very good fits
achieved with theoretical curves point out that the adsorption

Fig. 1 Experimental (circles) and simulated (lines) SW voltammograms
of the forward and backward components corresponding to K2CrO4

0.3 μM, DTPA 5 mM, KNO3 0.1 M, pH = 6.5, tac = 30 s, and
Eac = −1.1 V. Theoretical results were calculated for ks = 9.4 × 10−5

cm s−1, kchem = 1.3 × 104 s−1, K = 0.01, α = 0.40, n = 2, E°’ = −1.098 V,
Esw = 50 mV, dE = 5 mV, and f/Hz = 25 (a), 75 (b), and 200 (c)
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of reagents have to be rather weak. The simulations indicate
also that 2 electrons are exchanged during the electrochemical
step, which is a remarkable result. As a consequence of this, it
might be advisable to reconsider the reaction mechanism pro-
posed for the reduction of Cr–DTPA in the presence of nitrate.

Figure 2 shows experimental (circles) and simulated (lines)
SW voltammograms corresponding to the response of the net
current. These curves are obtained from the difference be-
tween the forward and backward components. As in the pre-
vious case, voltammetric profiles have been divided by f1/2 to
simplify the comparison with normalized theoretical curves.
The simulated net currents consist on quite symmetric bell-
shaped curves, while the net peak current decreases with the
increment of f. Although this behavior was predicted more
than a decade ago, it was rarely used to describe mechanistic
aspects of the SWV response [25].

Figure 3 shows the dependence of ΔIpf
−1/2 (a) and Ep (b)

with f. In both figures, the circles correspond to the experi-
mental response of Cr–DTPA reduction in the presence of
nitrate ions, while the lines connect theΔIpf

−1/2 and Ep values
of SW voltammograms calculated with Eq. (31). As it can be
observed, there is excellent agreement between theoretical and
experimental parameters. All theoretical net peak currents
have been multiplied by the same scaling factor 3 × 10−7.

Also, every SW voltametric profile was calculated with the
same E°’ = −1.098 V. The rather complex dependence of Ep on
f is the result of the joint effect of the chemical and electro-
chemical kinetics [25].

In Fig. 4, the net current of the SW voltammograms at
different Esw values are presented, as previously reported

Fig. 2 Experimental (circles) and simulated (lines) differential SW
voltammograms corresponding to K2CrO4 0.3 μM, DTPA 5 mM,
KNO3 0.1 M, pH= 6.5, tac = 30 s, and Eac = −1.1 V. Theoretical results
were calculated for ks = 9.4 × 10−5 cm s−1, kchem = 1.3 × 104 s−1, K = 0.01,
α = 0.40, n = 2, E°’ = −1.098 V, Esw = 50 mV, dE = 5 mV, and f/Hz = 25
(a), 75 (b), and 200 (c)

Fig. 3 Dependence of aΔIpf
–1/2 and b Ep on f. Circles are experimental

data obtained for K2CrO4 0.3 μM, DTPA 5 mM, KNO3 0.1 M, pH= 6.5,
tac = 30 s, and Eac = −1.1 V. Lines connect theoretical results obtained for
ks = 9.4 × 10−5 cm s−1, kchem = 1.3 × 104 s−1, K = 0.01, α = 0.40, n = 2,
E°’ = –1.098 V, Esw = 50 mV, and dE = 5 mV

Fig. 4 Experimental (circles) and simulated (lines) SW voltammograms
of the net component corresponding to K2CrO4 0.3 μM, DTPA 5 mM,
KNO3 0.1 M, pH= 6.5, tac = 30 s, and Eac = −1.1 V. Theoretical results
were calculated for ks = 9.4 × 10−5 cm s−1, kchem = 1.3 × 104 s−1, K = 0.01,
α = 0.40, n = 2, E°’ = −1.098 V, f = 100 Hz, dE = 5 mV, and Esw/mV = 10
(a), 20 (b), 30 (c), 50 (d), and 75 (e)
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circles correspond to experimental results, while lines are the
values of SW voltammograms calculated with Eq. (31).
Although the symmetric bell-shaped curves of simulated net
currents match very well the experimental profiles, the latter
have a secondary signal for E < −1.4 V that overlaps with the
main peak. This secondary process related to the reduction of
protons introduces some errors on characteristic parameters of
voltammetric peaks such as ΔIp and Ep.

The dependences of ΔIpEsw
−1 (a) and Ep (b) with Esw are

shown in Fig. 5. The line corresponding to simulated data fits
very well the experimental responses of ΔIpEsw

−1. With re-
gard to the theoretical and experimental dependences of Ep on
Esw, the agreement is relatively good provided Esw < 75 mV.
For larger values of Esw, the peaks are around 20 mV more
positive than the theoretical value. This difference can be ex-
plained considering the association of the reduction process
with hydrogen evolution reaction, since the overlap of both
signals increases with the Esw value. The values of thermody-
namic parameters were the same than those obtained for pre-
vious figures and theoretical net peak currents have been mul-
tiplied by the same scaling factor 3 × 10−7.

A secondary process such as the reduction of protons not
only would affect ΔIp and Ep values, but also it commonly
introduces errors on the ΔE1/2 measurement. In this regard,
Fig. 6 shows how most software used for the analysis of
voltammetric responses measures the half peak width.
However, it is important to keep in mind that the base line of
the net current is not expected to be tilt in SWV. Thus, typical
strategies for measuring the value of ΔE1/2 may introduce
some errors as consequence of other signal that overlaps with
the main peak. Those inaccuracies become evident when com-
pared with results obtained from simulated curves, Fig. 6b. In
consequence, it is suggested to measure the values ofΔIp and
ΔE1/2 assuming that the baseline is the same than the one
recorded at the onset potential.

The comparison of experimental data with simulated
curves would indicate that the reduction of Cr–DTPA in
the presence of NO�

3 behaves according to a catalytic reac-
tion of second kind in which 2 electrons are exchanged
during the electrochemical step. As it was stated above, this
kind of catalytic reaction is equivalent to a CE mechanism.
The catalytic system involves a chemical reaction that gen-
erates the electroactive species P. In the case of Cr(III)–
DTPA and NO�

3 , it should be considered that both species
react to produce Cr(III)–NO3–DTPA. Furthermore, it is
well-known that Cr(III) forms diverse complexes with
DTPA in aqueous solutions [15]. For most of those

Fig. 5 Dependence of a ΔIpEsw
−1 and b Ep on Esw. Circles are

experimental data obtained for K2CrO4 0.3 μM, DTPA 5 mM, KNO3

0.1 M, pH = 6.5, tac = 30 s, and Eac = −1.1 V. Lines connect theoretical
results obtained for ks = 9.4 × 10

−5 cm s−1, kchem = 1.3 × 104 s−1,K = 0.01,
α = 0.40, n = 2, E°’ = –1.098 V, f = 100 Hz, and dE = 5 mV

Fig. 6 Two different ways of measuringΔE1/2. Circles are experimental
data obtained for K2CrO4 0.3 μM, DTPA 5 mM, KNO3 0.1 M, pH= 6.5,
tac = 30 s, and Eac = −1.1 V. Full line connect theoretical results obtained
for ks = 9.4 × 10−5 cm s−1, kchem = 1.3 × 104 s−1, K = 0.01, α = 0.40, n = 2,
E°’ = –1.098 V, f = 100 Hz, Esw = 50 mV, and dE = 5 mV
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complexes, DTPA behaves as a pentadentate ligand, in
which one iminodiacetic group remains free from coordi-
nation. Also, it has been suggested that in neutral solutions
one molecule of water would be bound to the metal ion

[15]. Thus, the intermediate species proposed in our model
would involve the exchange of the water molecule by a
nitrate anion. This reaction can be summarized according
to the following mechanism:

NO−
3 solð Þ þ Cr IIIð Þ−H2O−DTPAþ

solð Þ

k1
⇄
k−1

H2O þ Cr IIIð Þ−NO−
3−DTPA solð Þ ð32Þ

H2O þ Cr IIIð Þ−NO−
3−DTPA solð Þ

ks
⇄
2e−

NO−
2 solð Þ þ Cr IIIð Þ−H2O−DTPAþ

solð Þ ð33Þ

where Cr(III)–H2O–DTPA works as the catalyzer (Y) and
NO�

3 behaves as the substrate (O). Since NO�
3 is in excess

with regard to the concentration of Cr(III)–H2O–DTPA, the
analytical signal is controlled by the amount of catalyzer.

Conclusions

The reaction mechanism of Cr–DTPA in the presence of NO�
3

has been evaluated. Experimental curves are in excellent
agreement with theoretical profiles corresponding to a catalyt-
ic reaction of second kind, which is a reaction mechanism that
is equivalent to a CE process. To understand this, it might be
considered that the complex Cr(III)–H2O–DTPA reacts with
NO�

3 to produce Cr(III)–NO3–DTPA, in which the last species
is the electroactive one. Since calculated curves require 2 elec-
trons to fit experimental profiles, it is proposed that NO�

2 is
released to the solution as a product of the electrochemical
step. In other words, the complex of Cr(III)–DTPA would
work as catalyzer for the reduction of NO�

3 to NO�
2 . Other

results of simulations indicate that the electrochemical reac-
tion is quite irreversible, with a value of ks = 9.4 × 10−5 cm s−1,
while the chemical step has a value of kchem = 1.3 × 104 s−1.
Considering that K = 0.01, it is possible to estimate the kinetic
constants of the chemical reaction as k1 = 1 × 102 s−1 and
k−1 = 1.29 × 104 s−1. These values of k1 and k−1 indicate a fast
exchange of water molecules and nitrate ions where the equi-
librium favors the complex with water. Also it was found that
the value of E°’ is close to −1.1 V. Regardless experimental
and simulated curves present very good fitting, the precision
for kinetic and thermodynamic parameters determination,
such as ks, kchem, α, and E°’, is limited. This is because similar
profiles can be obtained by increasing one parameter and de-
creasing another. In this regard, it is important to keep in mind
that the results of those calculations are restricted by confi-
dence regions that depend on the interplay of involved vari-
ables [29]. To improve this, but not to avoid it, we are working
on the inclusion of a non-linear least squares fitting protocol.

This protocol will allow us to estimate the error of simulated
data.
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