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a  b  s  t r a  c  t

Several  studies  in  the  literature have investigated  the electrochemical effects of  oxalic  acid  and hydrazine
on  various  materials  in neutral  (pH  buffered  to 7),  basic  or  weakly acidic media  (pH 6).  The  present  work
proposes  electrochemical  techniques that  allow  for  the  study  of the electrochemical  behavior,  on a  Pt
electrode,  of  oxalic  acid  and hydrazinium  nitrate  to better  understand their oxidation  mechanisms  in
a  nitric  acid  medium at  a pH below  1; in addition,  some  experiments were  carried out  to define  an
electrochemical  method  that  would allow  for the  simultaneous  detection  of  these species  when present
within  process effluent  in very acidic solutions. Some physical  data regarding oxalic  acid  and  hydrazinium
nitrate  were  also  determined: anodic  oxidation  of hydrazinium  nitrate  and oxalic  acid  were  observed at
0.2  V and 0.7 V  (vs. Ag/AgCl),  respectively.  The  diffusion  coefficients  of  hydrazinium  nitrate  and  oxalic
acid  were  found  to  be 5.2  ×  10−6 and 2.9  ×  10−7 cm2 s−1, respectively.  An experimental  design approach
demonstrated  the  influence of nitric  acid  concentrations on the  diffusion coefficients  of these species.

1. Introduction

Numerous papers have addressed the electrochemical behavior
of oxalic acid and hydrazine [1–20], often with respect to biology.
Oxalic acid and hydrazine are detected by electrochemical methods
in aqueous solution for pH levels ranging from 6 to 7.

Works on the oxidation of oxalic acid have focused on design
ing an oxalatespecific sensor; they have studied the mechanism
of degradation during anodic oxidation. Cyclic or linear voltamme
try [1,2,4–7,9–11] and chronoamperometry [3–5,8] are the main
electrochemical techniques that have been used. Various massive
materials (Pt [1], glassy carbon [1,4], etc.) and modified metals
(dimensionally stable anodes, DSA, Ti coated by Pt or IrO2 or RuO2

[1], borondoped diamond [7], etc.) are used as anodes. Graphite
modified by palladium nanoparticles [4,6] and rhodium [8,11] have
also been examined as catalysts for the electrochemical oxidation
of oxalic acid. The results show that the oxidation potential of oxalic
acid is influenced by the type of electrode used as well as its sur
face and composition. Adsorption (especially on Pt), passivation
and interaction phenomena can influence the rate of this reaction.

Cyclic  voltammetry [12–18], amperometric detection and/or
differential pulse voltammetry [12] have been used to study
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the oxidation of hydrazine on modified glassy carbon electrodes
[12–16]. Zinc oxide [17] and carbon nanotubes [18] have also been
used for the development of a hydrazine electrochemical sensor. As
for oxalic acid, the oxidation of hydrazine may be influenced by the
type of electrode used as well as its surface state and composition
and solution pH.

A  bibliographical review has revealed no studies investigating
the development of a method for detecting both oxalic acid and
hydrazine present in the same medium.

The purpose of the present work was to carry out voltammetric
measurements on oxalic acid and hydrazinium nitrate on a plat
inum electrode in  a concentrated nitric acid medium to obtain a
better understanding of their oxidation mechanisms and to develop
an electrochemical method for their simultaneous detection when
present within process effluent in very acidic solutions. Some phys
ical data regarding oxalic acid and hydrazinium nitrate were also
obtained.

2. Experimental procedures

The  chemicals used were of analytical grade (purity >98.5%).
Solid oxalic acid was provided by Sigma Aldrich (CAS: 61353566).
Nitric acid possessed a density �  = 1.42 g  cm−3 (purity 65%).
Hydrazinium nitrate was a  laboratoryprepared solution. Concen
trated nitric acid was added to hydrazine hydrate (CAS: 78035378)
until complete neutralization at pH 4.5, forming hydrazinium



Fig.  1. [Ox.  ac.] or oxalic  acid’s concentration  dependence  on  the  current–potential  curves,  obtained on  Pt rotating  disk.  ω =  1000 RPM:  supporting  electrolyte  2  M HNO3; (1)
no  oxalic  acid;  (2)  1  mM;  (3) 5  mM;  (4) 10 mM;  (5) 25  mM; (6) 50 mM;  (7) 75  mM; (8) 100  mM; potential  scan  rate: 0.005  V s−1 .  Inset:  the  variation  of  anodic current  at  1.1  V
vs.  the  oxalic  acid  concentration.

nitrate; this reaction is highly exothermic and can be explosive. Par
ticular caution is required when using hydrazine hydrate because
it is a CMR (carcinogenic, mutagenic and reprotoxic) substance.

All  electrochemical measurements were carried out using an
Autolab PGSTAT 30 potentiostat/galvanostat controlled with GPES
4.9 software and a threeelectrode setup with a  saturated silver
reference electrode (Ag/AgCl, 3 M KCl), a platinum wire counter
electrode and a platinumdisk working electrode.

3. Results and discussion

3.1.  Electrochemical kinetics on Pt rotating disk electrode

3.1.1. Oxalic acid
Linear voltammograms, obtained at the steady state (5 mV s−1)

with a Pt rotatingdisk electrode (ω = 1000 RPM) and various con
centrations of oxalic acid in 2 M HNO3,  are shown in Fig. 1. A
signal indicating the oxidation of oxalic acid to carbon dioxide
on Pt according to equation (3.1.1.1) was observed for potentials
higher than 0.7 V; simultaneously, bubbles appeared at the elec
trode surface. For low concentrations (curves (1)–(3)), the obtained
signal shows a practically constant ‘limiting current’, with a slight
decrease for potentials higher than 1.4 V. For concentrations above
10 mM, a peakshaped curve was obtained and the magnitude of the
current decreased nearly to zero for potentials higher than ∼1.2 V;
partial and reversible passivation of the platinum electrode caused
by the gaseous carbon dioxide produced on the electrode surface
could explain this decrease. Indeed, all of the curves obtained can be
reproduced without mechanical treatment. The oxidation reaction
can be written as follows:

HCOO COOH → 2CO2 + 2H+ + 2e− (3.1.1.1)

A linear dependence of the anodic current (Imax recorded at
1.1 V) vs. the oxalic acid concentration observed in the range
1–100 mM (inset, Fig. 1) reflects a masstransfer limitation, even
if the magnitude of the current decreases for higher potentials:

Imax at  1.1 V (A) = 1.77 × 10−5[Ox. Ac.](mmol  L−1),

where  R2 = 0.9975.

Tafel plots (ln i  = ln i0 +  ˛nF�/RT) for curves obtained in 1 mM
oxalic acid were used to determine the exchangecurrent density i0,
the electrontransfer coefficient  ̨ and the intrinsic heterogeneous
electrontransfer coefficient k0 (cm s−1). The exchangecurrent
density (i0 = nFk0C0) was found to be 2 × 10−7 A cm2.  Assuming

n = 2,  ̨ and k0 were found to be 0.3 and 10−6 cm s−1, respectively.
The value of k0 indicates that oxalic acid can be considered an
irreversible system.

3.1.2. Hydrazinium nitrate
Linear voltammograms obtained at the steady state with a  Pt

rotatingdisk electrode and various concentrations of hydrazinium
nitrate in 2 M HNO3 are shown in Fig. 2(a).

Considering that the final oxidation product is N2,  the overall
oxidation reaction of hydrazinium nitrate can be written as follows:

N2H+
5 → N2 + 5H+ + 4e− (3.1.2.1)

The following results were obtained:

• For hydrazinium nitrate concentrations lower than 10 mM, classi
cally  shape curves were obtained, containing one wave beginning
at  ∼0.2–0.4 V. The wave “plateau” with a  limiting current clearly
indicates a masstransfer limitation (diffusion limitation). The
magnitude of its limiting current increases linearly with the
hydrazinium nitrate concentrations according to the relationship
(3.1.2.2).

I/A  = 7.37 × 10−5 · [H Nitrate] R2 = 0.9991 (3.1.2.2)

• For higher concentrations of hydrazinium nitrate (50–75 mM),
the  curves indicate three important modifications:
 The beginning of the I/E curve for hydrazinium nitrate oxidation

shifts to lower potentials when the concentration increases,
meaning that the corresponding electroactive species is oxi
dized more easily.

 Increasing the hydrazinium nitrate concentration causes two
signals to appear, at 0.2–0.6 V and 0.7–1.2 V.

  After the potential of the second signal was reached, the mag
nitude of the current decrease indicates the passivation of the
platinum electrode. Nevertheless, the curves obtained can be
reproduced without mechanical treatment, which suggests that
this passivation is reversible. The final oxidation product of
hydrazinium nitrate is gaseous nitrogen and the presence of
a gaseous layer at the interface could explain the decrease in
the magnitude of the current.

Two  possible explanations could justify this behavior:
Assuming that one electron was exchanged through an elemen

tary step, for hydrazinium nitrate oxidation, the global reaction



Fig.  2. (a)  Hydrazinium  nitrate’s  concentration  dependence  on  the current–potential  curves  obtained  on  Pt rotating  disk; ω =  1000  RPM:  supporting electrolyte  2  M  HNO3;
(1)  no  hydrazinium  nitrate;  (2)  1  mM;  (3)  5  mM;  (4) 10 mM;  (5) 25  mM; (6) 50 mM; (7)  75  mM; potential  scan  rate: 0.005 V  s−1 .  (b) Hydrazinium  nitrate  concentration
dependence of  the  maximum  anodic  current  (1.1  V).

(3.1.2.1) can be decomposed according to the following simplified
scheme:

H2N NH3
+ → H2N NH2

+ + e– +  H+ (3.1.2.1.a)

H2N NH2
+ → HN NH2

+ + e– +  H+ (3.1.2.1.b)

HN NH2
+ ↔ HN NH + H+ (3.1.2.1.c)

HN NH → HN NH+ + e– (3.1.2.1.d)

HN  NH+ → N2 +  e– +  2H+ (3.1.2.1.e)

(1) For hydrazinium nitrate concentrations lower than 10 mM, the
curves  show only one wave; thus, we can assume that the first
electronic exchange ((3.1.2.1.a) and/or (3.1.2.1.b)) was the lim
iting  step; this may correspond to 1 or 2 electrons exchanged
and under these conditions, the exchange of the remaining elec
trons  to obtain N2 ((3.1.2.1.b) or (3.1.2.1.c) to (3.1.2.1.d)) occurs,
during ‘faster’ steps.

When  the hydrazinium nitrate concentration increases, high
current values led to higher intermediate (HN NH2

+)  con
centrations. In addition, high H+ concentrations, could be
disadvantageous for the equilibrium (3.1.2.1.c), which may then
cause  the intermediate (HN NH2

+)  to accumulate. Under these
conditions, the oxidation of these intermediates (HN NH2

+)  to
nitrogen may occur at higher potentials (0.7–1.2 V) and lead to
the  second signal.

(2) Moisy et al. [21] presented the following chemical equilib
rium between HNO3 and hydrazinium nitrate for strongly acidic
media:

N2H+
5 + HNO3 ↔ N2H2+

6 + NO−
3 (3.1.2.3)

For hydrazinium nitrate concentrations lower than 10 mM,
the  solution contains mainly N2H5

+; thus, the curves show only
one  wave indicating the oxidation to nitrogen according to the
previous statements. When the hydrazinium nitrate concen
tration increases, the equilibrium (3.1.2.3) shifts to the right
and N2H6

2+ appears; its oxidation at more anodic potentials
(0.7–1.2 V) can be observed separately from the wave of N2H5

+

oxidation.

Nevertheless, considering either explanation ((1) or (2)), the
dependence of the maximum current (at 1.1 V) on the hydrazinium
nitrate concentration for concentrations higher than 10 mM
(Fig. 2b) seems to be quasilinear in spite of a certain dispersion
of the points.

Icurrent at 1.1 V A = −6.13 × 10−5[H Nitrate]mmol  L−1 , R2 = 0.979

(3.1.2.4)

This linear evolution appears to be ‘normal’ because the final
product (N2) and, consequently, the overall electron number (4e−)
are the same. In addition, according to either the first or sec
ond explanation, the overall concentration of hydrazinium nitrate
remains the same; therefore, the overall current (at 1.1 V) changes
linearly with the concentration, in spite of the partial passivation
of the electrode.

Tafel plots (ln i  = ln i0 + ˛nF�/RT) for the curves obtained in 1 mM
hydrazinium nitrate were also used to determine i0,  ˛  and k0. i0 was
found to be 4.4 × 10−5 A cm2,  assuming n = 2;  ̨ and k0 were found to
be 0.2 and 10−4 cm s−1,  respectively. This value of k0 indicates the
slightly irreversible electrochemical behavior of the hydrazinium
nitrate/nitrogen system.

3.2.  Electrochemical characterization of the systems by
transientstate cyclic voltammetry and steadystate linear
voltammetry

3.2.1. Oxalic acid
To  obtain a better understanding of the oxalic acid oxidation

mechanism, various cyclic voltammograms were recorded with
out stirring at different potential scan rates. The Ptdisk anode was
immersed in a 5 mM solution of oxalic acid containing 2 M nitric
acid. The analysis of the voltammograms (Fig. 3(a)) shows that the
magnitude of the net current of the anodic peak observed at ∼1 V
increases linearly with the square root of the potential scan rate
(Fig. 3(b)). This finding indicates that oxidation on Pt is not lim
ited by adsorption phenomena [1] but rather is diffusion limited.
On the other hand, the anodic curve contains only one signal, indi
cating that the two electrons are exchanged simultaneously. The
cathodic peaks at E = 0.4 V were also obtained during the study of
the supporting electrolyte and are not due to the oxalic acid/carbon
dioxide system.

The  representation of the potential of the anodic peak (Epeak)
vs. the logarithm of the potential scan rate is indicative of the
reversibility of the system [22]. For a simple electrochemical sys
tem, Epeak varies linearly with ln r in accordance with

Epeak = E0 −
R × T

 ̨ × n˛ × F

[

0.78 + ln
D0.5

k0
+ ln

 ̨ × n˛ × F × r0.5

R × T

]

(3.2.1.1)

where E0 is the standard potential of the electroactive system (V),
n˛ is the number of electrons exchanged in the chargetransfer step,
k0 is the intrinsic heterogeneous electronic transfer rate constant
(cm s−1), R is the gas constant (8.31 J mol−1 K−1), T  is the absolute
temperature (K) and F is the Faraday constant (96,500 C mol−1).
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Fig.  3.  (a)  Potential  scan  rate  dependence  on the shape  of cyclic  voltammogramms  obtained  on  a  Pt  rotating disk electrode  (S  = 0.125  cm2), immersed  in  5 mM  oxalic  acid:
supporting  electrolyte  2  M  HNO3 without stirring;  (1) 20 mV  s−1; (2) 50 mV  s−1;  (3) 75  mV  s−1; (4) 100 mV  s−1;  (5) 150 mV  s−1; (b) the anodic peak current  Ipeak vs. r1/2 and  (c)
dependence of  the  peak potential  Epeak vs. ln (r).

Fig. 3(c) shows the linear evolution of Epeak vs. ln r
(Epeak(V) = 0.881 +  0.018 ln r(V s) with R2 =  0.992), indicating that
the oxidation of oxalic acid to carbon dioxide is an irreversible
process. The slope of this line, (RT)/(2˛n˛F) = 0.018, indicates that

 ̨ × n˛ ≈ 0.7. Because two electrons are exchanged,  ̨ ≈ 0.4. On the
other hand, the diffusivity of oxalic acid and the standard potential
E0 must be known to determine k0 from the Yintercept of this line:

0.881 = E0 +
R × T

 ̨ × n˛ × F

[

0.78 + ln
D0.5

k0
+ 0.5 ln

 ̨ × n˛ × F

R × T

]

.

In  this study, the value 0.7 V vs. Ag/AgCl near EI=0, in agreement
with Fig. 4(a), was chosen as E0 to estimate k0.  Under these con
ditions, the diffusion coefficient (Doxalic  acid)  can be determined by
the Levich equation (3.2.1.2):

Ilim,i = 0.62 × n × S × F  × D
2/3
i

× ω1/2 × �−1/6 × Csol
i [22] (3.2.1.2)

where Ilim,i is the anodic limiting current, n is the overall number of
electrons involved, Csol

i
is the concentration of species i  in solution

(mol m−3), ω is the rotational speed of the electrode (rad s−1), � is
the kinematic viscosity of the solution (m2 s−1)  and S is the geo
metric surface area of the working electrode (m2) immersed in a
5 mM solution of oxalic acid. Several linear voltammograms were
recorded at various angular velocities ω and the potential scan rate
was 0.005 V s−1 (Fig. 4(a)).

The increase in  the anodic limiting current with ω reflects an
increase in the flux of the electroactive species at the working elec
trode interface. The plot of the anodic limiting currents (Ilim) vs. the
square root of the rotational speed (

√
ω) in Fig. 4(b) shows a linear

evolution and allows Doxalic  acid to be determined. Using the Levich
equation (3.2.1.2) and considering that n = 2e−, S = 0.03 cm2 and
� = 10−2 cm2 s−1, Doxalic  acid was found to be 2.9 × 10−7 cm2 s−1.  For
comparison, chronoamperometry (Cottrell equation [22]) and/or
voltammetry (Randles–Sevcik equation [22]) studies conducted at

neutral pH [6,7,19] revealed values of Doxalic  acid in the range 10−8

to 10−5 cm2 s−1.  The wide dispersion of the Doxalic  acid values is
surprising and suggests possible interactions between oxalic acid
molecules and/or between oxalic acid and nitric acid molecules.

Considering the diffusivity of oxalic acid (2.9 × 10−7 cm2 s−1)
and the reported value of E0 for oxalic acid, the intercept of the
straight line (Fig. 3(c)) shows that k0 ≈ 1.6 × 10−6 cm s−1. This value
is very sensitive because of the high uncertainty in the estima
tion of the intercept (Fig. 3(c)), but it verifies the value 10−6 cm s−1

obtained with Tafel’s Law in Section 3.1.1. A study of the sensitivity
of the oxalic acid diffusion coefficient depending on the operating
conditions is detailed below.

3.2.2.  Hydrazinium nitrate
Several cyclic voltammograms were recorded over a very wide

range of potential scan rates (20 mV s−1 to 27.5 V s−1) to better
understand the mechanism of the anodic oxidation of hydrazinium
nitrate. The potentiostat used was not compatible with poten
tial scan rates higher than 27.5 V s−1.  The working electrode was
immersed in a 5 mM solution of hydrazinium nitrate in 2  M nitric
acid. The resulting cyclic voltammograms (Fig. 5) indicate an
increase in the magnitude of the current of the oxidation peak
observed at E  = 0.4–0.5 V. The cathodic peak was also obtained dur
ing the study of the supporting electrolyte and thus was not due to
the hydrazinium nitrate/nitrogen system. For potential scan rates
higher than 3 V s−1,  a  second signal appears at 0.8 V, indicating
that the oxidation of hydrazinium nitrate on Pt involves at least
two steps, with a relatively stable intermediate. A third oxidation
shoulder appears at ∼1.2 V when r exceeds 20 V s−1.  Hydrazinium
nitrate is oxidized on Pt in two or three successive steps and tends
to confirm the mechanism (3.1.2.1a)–(3.1.2.1e).

The magnitude of the oxidation peak current Ipeak is plotted
vs.

√
r in Fig. 6(a). For potential scan rates ranging from 20 to

200 mV s−1,  Ipeak increases linearly with
√

r,  indicating that the



Fig.  4. (a)  Influence  of  the  angular  velocity  of the Pt  rotating  disk  (S  = 0.125  cm2)  anode on  the  linear voltammogramms,  obtained  at  the steady state  (potential  scan rate:
0.005  V s−1).  Oxalic  acid  5 mM  in 2  M HNO3;  (1) 250 rpm,  (2) 500  rpm,  (3) 750 rpm,  (4) 1000  rpm,  (5) 1250 rpm,  (6) 2000 rpm; (b) the  variation  of anodic limiting currents  vs.
ω1/2 .

oxidation of hydrazinium nitrate on Pt is limited by diffusion. For
higher potential scan rates (in the range 0.2–27.5 V s−1), the slope
of the straight line decreases to the half of the previous value,
indicating that mass transfer remains the limiting phenomenon.
In addition, the number of exchanged electrons was divided by 2.
A possible explanation could be that a  first bielectronic oxidation
occurs for high values of r, followed by a second bielectronic
oxidation of the intermediate electrogenerated at the electrode.

Fig.  6(b) presents the evolution of the peak potential vs. the log
arithm of the potential scan rate. Two different evolutions can be
observed:

Fig.  5. Influence  of  the potential  scan  rate on  the shape  of cyclic voltammogramms
obtained  on  Pt  rotating  disk, immersed  in 5  mM  hydrazinium  nitrate  in 2  M HNO3;
(a)  (1)  20  mV  s−1;  (2)  50  mV  s−1; (3) 75  mV  s−1; (4) 100 mV  s−1; (5) 150 mV  s−1; (6)
175  mV  s−1;  (7)  200  mV s−1; (b)  (7) 200  mV s−1; (8) 800  mV  s−1; (9) 3.2  V s−1; (10)
12.8  V s−1;  (11) 27.5  V s−1 .

(i) For  potential scan rates lower than 1 V s−1,  the increase of the
peak  potential vs. ln r  was very slow (Epeak(V) = 0.345 + 0.011
ln r(V  s−1); R2 = 0.81), meaning that the corresponding elec
troactive system is practically reversible under the selected
operating conditions. A similar treatment of oxalic acid
(the diffusivity is discussed in next section) shows that
k0 ≈ 8 × 10−3 cm s−1 and  ̨ × n˛ ≈ 1. The value of k0 confirms
the slightly irreversible electrochemical nature of this system.

(ii) For potential scan rates higher than 1 V s−1,  Fig. 6(b)
shows a linear evolution of the peak potential vs. ln r
(Epeak(V) = 0.22 + 0.0321 ln r(V s−1); R2 = 0.94). The ratio of the
slopes for evolutions (i) and (ii) is equal to 3, which is related
to  a lower value of  ̨ × n˛ for the corresponding electroactive
system. Considering that only the first bielectronic oxidation of
hydrazinium nitrate was observed for high r  values, the value of
n˛ in  ̨ × n˛ could be lower and may provide a possible expla
nation for the observed results. On the other hand, operating
at  high potential scan rates leads to I/E curves being strongly

y = 1.34 .10
-3

.r
1/2

R
2
 = 0.994

y = 5.69.10
-4

.r
1/2

 + 8.86.10
-4

R
2
 = 0.995

0.0E+00

1.0E-03

2.0E-03

3.0E-03

4.0E-03

543210

r
1/2

 / (V/s)
1/2

Ip
  

/ 
 A

y = 1.09 .10
-2

.ln(r) + 0.345

R
2
 = 0.81 3

y = 3.21 .10
-2

.ln(r)  + 0.22 2

R
2
 = 0.939

0.3

0.4

0.5

0.6

108642

ln (r)

E
p

 (
V

) 
v

s 
S

C
E

(a) 

(b) 

Fig. 6. (a)  Evolution of the  anodic  peak current  Ipeak vs. r1/2;
(b)  dependence  of the peak  potential  Epeak vs.  ln  (r). Results  of Fig. 5.



Fig.  7. (a)  Influence  of  the  angular  velocity of the Pt rotating  disk  on  the  shape  of  current–potential  curves,  obtained with 5  mM  hydrazinium  nitrate  in 2  M HNO3 .  (1) 250  rpm;
(2)  500  rpm;  (3)  750 rpm; (4) 1500  rpm;  (b) the  variation  of anodic  maximum  current  (1–1.1  V)  vs.  ω0.5 .

influenced by the ohmic drop caused by the solution between
the  working and reference electrodes. To obtain the true curves,
the  ohmic drop has to be compensated dynamically; unfortu
nately, the instruments that are available are unable to perform
this  operation.

To evaluate the diffusivity of hydrazinium nitrate, voltammo
grams were plotted at the steady state for various angular velocities
of the Ptdisk anode (Fig. 7a); the working electrode was immersed
in a 5 mM solution of hydrazinium nitrate and the potential scan
rate was 0.005 V s−1. Strong oscillations (noise) in the limiting part
of the current potential curves were caused by nitrogen bubbles.
For low angular velocities, the curves show one signal containing a
diffusion wave at potentials ranging from 0.5 to 1.5 V. For angular
velocities higher than 750 rpm, the curves clearly indicate a first sig
nal (0.2–0.6 V) with a  plateau at 0.55 V, followed by a  second signal
for potentials higher than 0.7 V. Even if the magnitude of this second
signal decreases for potentials above 1.2 V, this drop does not irre
versibly affect the electrode surface and these curves can be repro
duced without any electrode treatment. A possible explanation for
the current decrease could be the “masking” of the electrode by the
large amount of nitrogen electrochemically generated at the anode.

The previously discussed acid–base equilibrium (cf (3.1.2.1))
allows various forms of hydrazinium nitrate to appear and could
explain the presence of two very distinct signals. In addition, at
high stirring rates, the high current amplitude resulted in large
nitrogen bubbles, masking the disk surface. Intermediate forms of
hydrazinium nitrate could then accumulate at the interface and
their oxidation could be separately observed.

A linear evolution of the limiting current (at 0.7 V) vs. the square
root of the angular velocity (Fig. 7(b)) was observed, meaning that
the current was limited by masstransfer phenomena. According
to the Levich equation (3.2.1.2) and taking into account that n =  4,
S = 0.03 cm2 and �  = 10−2 cm2 s−1,  the value of Dhydrazinium nitrate
was found to be 5.2 × 10−6 cm2 s−1.  For comparison, studies of
the oxidation of hydrazine in several media [12,15,18] reported
values of Dhydrazine ranging from 2.5 × 10−6 to 8.2 × 10−6 cm2 s−1,
similar to the value of Dhydrazinium  nitrate found in this work. How
ever, hydrazinium nitrate exhibits complex chemistry in nitric acid
media [21]; a study of the sensitivity of this diffusion coefficient
depending on the operating conditions is detailed below.

3.3.  Effects of the operating conditions on the diffusion
coefficients

The previous experiments demonstrate the high sensitivity
of the measurement of the diffusion coefficients due to the

existence of molecular interactions and/or chemical equilibria,
which may possibly be related to the activity of nitric acid. The
approach detailed below was implemented to study this influence
in an experimental design context. The methods used to analyze the
results can be associated with a physicalresponse model based on
experimental parameters with a minimum number of tests. Var
ious experimental designs were implemented and analyzed with
the software program Lumiere 4.45©.

3.3.1. Influence of oxalic acid and nitric acid concentrations on
Doxalic  acid

In this study, given the number of factors (2) to be stud
ied and assuming a  linear experimental model, a 2p fullfactorial
experimental design was used. The factors studied were the
concentrations of oxalic acid and nitric acid; the response was
Doxalic  acid determined by chronoamperometry using the Cottrell
equation with an applied potential of 1.1 V. The results are summa
rized in Table 1(a), where X1 is the oxalic acid coded variable, X2 is
the nitric acid coded variable and K, the D(X1,X2) ratio of D(−1,−1),
is a  dimensionless response.

The analysis of this experimental design in coded variables and
response K provided the correlation matrix (Table 1(b)). The diago
nal of “1” shows that the main effects and secondorder interactions
do not overlap.

Table  1

(a)  Effect  of  nitric acid  on  the diffusion  coefficient  of oxalic  acid;  (b) correlation
matrix;  (c)  histogram of effects.

(a)

X1 X2 [Oxalic
acid] (mM)

[Nitric acid]  (M) Doxalic acid (cm2 s−1)  K

−1  −1  1  0.2  1.7E−08  1
1  −1  10  0.2  1.2E−08  0.71

−1 1  1  2  5.3E−07  31.1
1  1  10  2  4.3E−07  25.6

(b)

X1 X2 X1 ×  X2

X1 1
X2 0 1
X1 ×  X2 0 0 1

(c)

Effects %

X2 97.99
X1 1.11
X1 ×  X2 0.9



The coefficients of the polynomial response vs. the main effects
and interactions were calculated by multiple linear regression in
the Lumiere program. Table 1(c) lists the coefficients according
to their magnitude in the polynomial. This table shows the sig
nificant influence of the nitric acid concentration in the medium
on Doxalic acid. The plot of this polynomial response as a function
of X1 and X2 indicates that the effect of the oxalic acid concen
tration on Doxalic  acid is limited at low nitric acid concentrations
(<1  M) but increases for higher nitric acid concentrations (≥1 M).
This behavior may reflect the existence of interactions between
oxalic acid molecules, for example the hydrogen bond [20], depend
ing on the nitric acid conditions in the medium. A deviation of less
than 15% between the mathematical model and the experimental
result reflects the satisfactory agreement between the model and
the experiment.

3.3.2. Influence of the hydrazinium nitrate and nitric acid
concentrations on Dhydrazinium  nitrate

Although Dhydrazinium  nitrate was consistent with the data
reported in the literature, it seemed interesting with respect to
the study of oxalic acid to determine the influence of two factors,
the concentrations of hydrazinium nitrate and nitric acid, on the
Dhydrazinium  nitrate response.

According to Moisy et al. and given the existence of two
N2H5

+/N2H6
2+ chemical equilibrium constants (Ka = 0.09 [23] and

Ka = 0.4 [24]) from 1 M in nitric acid, three full experimental designs
were implemented in three levels. Thus, the peaks, the midpoint
of each side and the center of a square define the experimental
matrix.

The Dhydrazinium  nitrate response was determined by chronoam
perometry with the Cottrell equation for an applied potential of
0.75 V. The results are summarized in Table 2(a)–(c), where X1 is
the hydrazinium nitrate coded variable, X2 is the nitric acid coded
variable and K, the D(X1;X2) ratio of D(−1,−1), is a dimensionless
response. For Table 2(b) and (c), the hydrazinium nitrate concen
trations were effective; therefore, the concentration of hydrazine
introduced into the medium was determined from the different
equilibrium constants such that the mean hydrazinium nitrate con
centration was between 0.1 mM and 1 M.

The analysis of these experimental designs in coded variables
and response K provided the correlation matrix (Table 2(d)). The
diagonal of “1” shows that the main effects and secondorder and
quadratic interactions do not overlap.

The coefficients of each polynomial response as a function of
the main effects and interactions were calculated by multiple linear
regression in the Lumiere program. For each polynomial response,
the values of these coefficients demonstrate the significant influ
ence of the hydrazinium nitrate and nitric acid concentrations on
Dhydrazinium  nitrate.  The plots of these polynomial responses as a func
tion of X1 and X2 indicate the following:

• For low nitric acid concentrations (< 1  M), Dhydrazinium  nitrate
decreases as the nitric acid concentration increases. In this case,
it  is possible to conclude that there is a  good correlation between
the  mathematical model and the experiment; both revealed the
existence of a maximum value for a hydrazinium nitrate concen
tration of 0.55 mM.

• For  high nitric acid concentrations (≥1 M), when Ka = 0.09 [23],
Dhydrazinium nitrate again decreased as the HNO3 concentration
increased. However, above approximately 0.7 mM hydrazinium
nitrate, Dhydrazinium  nitrate increased with the nitric acid concentra
tion. In this case, the mathematical model was poorly correlated
with the experimental values.

• For  high nitric acid concentrations (≥1 M), when Ka = 0.4 [24],
Dhydrazinium nitrate again decreased as the HNO3 concentra
tion increased; however, above a nitric acid concentration of

Table  2

Effect  of nitric  acid  on  the diffusion  coefficient  of  hydrazinium  nitrate:  (a)  with
0.2 ≤ [nitric  acid]  <  1  M; (b) with  1  ≤  [nitric acid]  < 2  M  and Ka =  0.09; (c) with
1  ≤ [nitric  acid] <  2  M and  Ka = 0.4; (d) correlation  matrix.

(a)

X1 X2 [Hydrazinium
nitrate]  (mM)

[Nitric  acid] (M)  Dhydrazinium nitrate

(cm2 s−1)
K

−1  −1  0.1  0.2  6.2E−08  1
0 −1  0.55  0.2  5.7E−06  92
1  −1  1  0.2  2.3E−06  37

−1 0  0.1  0.6  5.2E−08  0.83
0 0  0.55  0.6  4.3E−06  70
1 0 1 0.6 1.9E−06  31

−1 1 0.1  1 5.6E−08  0.9
0 1  0.55  1  3.1E−06  50
1 1  1  1  2.3E−06  37
0 0  0.55  0.6  4.0E−06  65
0 0  0.55  0.6  4.4E−06  71
0 0  0.55  0.6  4.0E−06  65
0 0  0.55  0.6  4.5E−06  73

(b)

X1 X2 [Hydrazinium
nitrate] (mM)

[Nitric  acid]  (M)  Dhydrazinium nitrate

(cm2 s−1)
K

−1  −1  0.1  1  6.6E−05  1
0 −1  0.55  1  4.4E−06  0.06
1  −1  1  1  2.5E−06  0.04

−1 0 0.1 1.5  5.7E−05  0.9
0 0 0.55  1.5  3.3E−06  0.05
1 0  1  1.5  1.7E−06  0.02

−1 1  0.1  2  5.0E−05  0.8
0 1  0.55  2  3.8E−06  0.06
1 1 1 2 1.4E−06  0.02
0 0 0.55  1.5  3.0E−06  0.05
0 0 0.55  1.5  3.7E−06  0.06
0 0 0.55  1.5  3.4E−06  0.05
0 0 0.55  1.5  2.9E−06  0.04

(c)

X1 X2 [Hydrazinium
nitrate] (mM)

[Nitric  acid]  (M)  Dhydrazinium nitrate

(cm2 s−1)
K

−1  −1  0.1  1  1.7E−07  1
0 −1  0.55  1  2.9E−06  17
1  −1  1  1  8.0E−07  4.7

−1 0 0.1 1.5  8.7E−08  0.5
0 0 0.55  1.5  1.9E−06  11.2
1  0 1  1.5  1.0E−06  5.9

−1 1  0.1  2  1.1E−07  0.6
0 1  0.55  2  2.4E−06  14.1
1 1 1  2  8.0E−07  4.7
0 0 0.55  1.5  2.0E−06  11.8
0 0 0.55  1.5  1.8E−06  10.6
0 0 0.55  1.5  2.2E−06  12.9
0 0 0.55  1.5  1.9E−06  11.2

(d)

X1 X2 X1 ×  X2 X2
1 X2

2

X1 1
X2 0 1
X1 × X2 0 0 1
X2

1 0 0 0 1
X2

2 0 0 0 0 1

approximately 1.5 M, Dhydrazinium  nitrate increased with the nitric
acid concentration. In this case, there was a good correlation
between the mathematical model and the experimental values;
both  revealed the existence of a maximum value when the con
centration of hydrazinium nitrate was 0.55 mM. These results
confirmed that the value of Ka = 0.4 [24] closely approximates the
N2H5

+/N2H6
2+ chemical equilibrium constant (3.1.2.2).



Fig.  8. Current  potential  curves  obtained  on  the Pt  rotating  disk  anode immersed
within  process  effluent solution  containing  both hydrazinium  nitrate  and oxalic  acid
at 0.1  M in 2 M  HNO3 . 1000  rpm;  25 ◦C; potential  scan  rate:  0.005 V s−1 .

3.4. Electrochemical behavior of both components in process
effluent

Hydrazinium nitrate and oxalic acid were studied in process
effluent in 0.1 M and 2 M nitric acid, respectively. As shown in Fig. 8,
the two signals observed are attributed to hydrazinium nitrate and
oxalic acid. The first signal, which is the hydrazinium nitrate signal,
shows a maximum followed by a slight decrease in current caused
by nitrogen bubbles. The second signal, which is attributed to the
oxalic acid affected by nitrogen bubbles, is very noisy. Despites
these noise problems, the results show that these species could
be detected separately and in the case of their continuous and
simultaneous detection, an optimized electrochemical cell must
be designed to ensure the rapid and continuous removal of the
electrogenerated bubbles and to improve the sensitivity of the elec
trochemical response of the system.

4. Conclusion

The oxidation of oxalic acid and hydrazinium nitrate was stud
ied on a Pt anode in nitric acid media. The oxidation of oxalic
acid was observed at 0.7 V (vs. Ag/AgCl) and carbon dioxide bub
bles were observed on the surface of the electrode. Within an
analytical framework, the influence of this phenomenon must be
reduced because of the effect on the electroactive surface of the
electrode. The electrokinetic parameters determined correspond
to an irreversible system in which two electrons are exchanged
simultaneously. In the oxalic acid concentration range from 1 mM
to 100 mM, a linear evolution of the limiting current vs. the con
centration was proposed.

The  oxidation of hydrazinium nitrate begins at a potential
of 0.3 V (vs. Ag/AgCl) and yields a separate signal from that of
oxalic acid. The formation of nitrogen bubbles was observed for
concentrations above 5 mM. Cyclic voltammetry studies were per
formed at high scan rates to try to understand the mechanism
of hydrazinium nitrate electrooxidation. For high values of r,  the
results demonstrate that the oxidation of hydrazinium occurs in
more than one step. A linear evolution of the limiting current vs.
the concentration of hydrazinium nitrate was observed in the con
centration range between 1 mM and 75 mM.

The diffusion coefficients of oxalic acid and hydrazinium
nitrate  in nitric acid media were determined; the values were
2.9 × 10−7 cm2 s−1 and 5.2 × 10−6 cm2 s−1, respectively. As part of
this determination, the experimental design approaches that were
implemented revealed the influence of the nitrate concentration
on these diffusion coefficients. For oxalic acid, this influence can be

explained by the existence of hydrogen interactions between the
molecules. For nitric acid concentrations higher than 1 M in nitric
acid, hydrazinium nitrate forms divalent hydrazinium cations,
whose presence strongly influences the value of the hydrazinium
nitrate diffusion coefficient.

In  acidic media, the two species can be detected at the same
time, although bubbling effects interfere with the wave measure
ments. This work provides interesting perspectives with respect to
the electrochemical analysis of these species, including the under
standing of their oxidation processes.
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