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Kinetic study of the electroreduction of nitrobenzene
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A reaction kinetic study has been performed for the reduction of nitrobenzene on a Cu electrode in
1M H,SO, in a 50: 50 (Vol %) mixture of water and 1-propanol at 27° C. The study was carried out
on a rotating disc electrode for which the current—potential data were supplemented with product-
concentration measurements. The resulting rate expressions represent a reaction mechanism for the
reduction of nitrobenzene to aniline and p-aminophenol through the common intermediate
phenylhydroxylamine, and incorporate the dependence on reactant concentration and potential for
the three predominant reaction pathways. The three major reaction steps were studied independently
by performing experiments in which phenylhydroxylamine only was used as the reactant to comple-
ment those experiments in which nitrobenzene was used. The kinetic expressions found from measuring
the rates of the individual reactions were consistent with the results of experiments in which all the
reactions were carried out simultaneously. The expressions obtained are suitable for use in reactor
design, modelling and control, and of equal importance, the methodology outlined to extract kinetic
parameters from the current and concentration data serves as a model for application to other

reaction systems.

Nomenclature

A electrode area (cm?)

D diffusion coefficient (cm*s™")

E electrode potential (V)

F Faraday’s constant, 96485 (Cmol™")

Iy current density due to the hydrogen evolution
reaction (A cm™?)
I current (A)

I kinetic current (A)
I limiting current (A)
k; rate constant for the reduction of nitrobenzene

to phenylhydroxylamine (cms™")
k, rate constant for the reduction of phenyl-
hydroxylamine to aniline (cms™")

1. Introduction

Although numerous studies have been performed
on the electrochemical reduction of nitrobenzene,
the approach taken in most of this work is from a
chemistry point of view in which fundamental reaction
processes are identified and qualitative descriptions
are deduced for the reaction mechanism. In contrast,
the methods used in the present work are based on a
reaction engineering approach in which concentration
data for products obtained from chromatographic
analysis are used to supplement the information from
the measured currents to deduce ratc expressions.
Concentration—time data are not often used in electro-
chemical kinetic studies even though these can serve as
a valuable complement to the polarization behaviour.
The goal of this work is to obtain quantitative rate
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ky rate constant for the rearrangement of phenyl-
hydroxylamine to p-aminophenol (s~")

n number of electrons per equivalent

T temperature (K )

X fractional conversion of phenylhydroxylamine
to p-aminophenol

Greek

& diffusion layer thickness of species i (cm)
K conductivity (cm ' ohm™")

U viscosity (gem™'s™')

v kinematic viscosity (cm’s™")

/ density (gem™?)

1) rotation speed of electrode (s™')

expressions for the reduction of nitrobenzene (with
identification of only the major reaction pathways)
which may consequently be used in reactor design.

Earlier studies [1-3] of the reduction of nitro-
benzene suggest that the simplified mechanism, shown
in Fig. 1, is applicable on a Cu electrode in a deoxy-
genated water/alcohol acid solution. In this simplified
mechanism, nitrobenzene (NB) is first reduced to
phenylhydroxylamine (PHA) which in turn can be
electrochemically reduced to aniline (AN) or can
rearrange chemically to p-aminophenol (PAP).

Even though the reduction of NB has been studied
extensively [3-6], no data were found in the literature
that would provide usable rate expressions for this
simplified mechanism. Fleischmann et al. [6] studied
the reduction of NB on Hg electrodes and considered
the electrochemistry of major species involved in the
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reaction sequence. However, strict control of mass
transfer was not possible because of the use of a
mercury-pool electrode. A recent study by Clark ez al.
[3] reports quantitative rate expressions for the
reduction of NB at 55°C for the production of PAP,
o- and p-anisidine and AN in a solution of 10vol %
sulphuric acid in methanol. Clark ef al. used a reaction
engineering approach, but their approach differs from
the present study in several respects. We have made
comprehensive use of the rotating disc electrode
{RDE) and its well-known transport properties, using
concentration measurements for rate data, determining
individual diffusion coefficients for both NB and
PHA, and using PHA as a starting material in order
to study each reaction sequence separately. Although
more effort is required to utilize these analytical
methods than is required for the methods used by Clark
et al., the resulting rate expressions obtained are thought
to be more reflective of the actual reaction kinetics
because of the decreased number of assumptions.

It should be emphasized that the purpose of
the present study is to deduce quantitative kinetic
expressions {or a model reaction sequence to use
in electrochemical reactor studies. Consequently,
although the reaction itself is of commercial interest
[7, 8], the conditions for this study were chosen for
convenience and suitability for modelling purposes
and not for commercial application. The work
presented here is a complete account of the preliminary
results presented earlier [9].

The reactions in the simplified mechanism for the
reduction of NB shown in Fig. 1 are, of course, not
elementary steps and, in fact, the detailed mechanism
of the elementary steps is more complex [4]. For the
purpose of an engineering study, it is not feasible to
determine quantitative rate expressions for all the
elementary reactions individually; however, every
effort was made to establish the validity of the simpli-
fication by using an array of different experiments
with cross-comparison of the results including:

(a) studying each electrochemical reaction individu-
ally in differential-conversion experiments using the
current to provide rate information,

(b) studying the homogeneous chemical rearrange-
ment of PHA to PAP in an integral-conversion batch
reactor with no electrode present, and

CeHsINO;

4e”

-H,0
4H*

Cs;H;NHOH

9e-
acid-catalysed ~-H,0 € .
rearrangement M

p-HOC¢H,NH, CeH;NH;

Fig. 1. Simplified mechanism for the reduction of nitrobenzene on
a copper electrode in a deoxygenated, acid water/propanol solution

3.

(c) performing integrai-conversion experiments at
constant potential in which both chemical and electro-
chemical reactions occur simultaneously and com-
paring the results to those predicted using the kinetic
constants determined from the experiments in which
the reactions were studied individually.

2. Experimental details

The electrolyte (1M H,SO, in 50:50vol % H,O:1-
propanol) and the electrode material {Cu) were chosen
on the basis of earlier studies {1, 2] with a reaction
temperature of 27°C chosen for experimental con-
venience. Since the hydrogen ion concentration in the
reactor is essentially constant, the dependence of the
reactions on pH was lumped implicitly in the rate
constant. A list of the physical parameters determined
in this study is given in Table 1.

The working electrode for most experiments con-
sisted of a 5.0 mm diameter Cu rod (99.999%) encased
in a 13 mm diameter Teflon sheath so that the end of
the rod formed a Cu disc. A catholyte volume of
43cm® was used in experiments with this electrode.
The Cu working electrode was rotated using an ASR2
rotator from Pine Instrument Company. The Cu sur-
face was prepared for an experiment by mechanical
polishing with 0.05 um ALO; (Buehler) followed by
rinsing twice with DI water in an ultrasonic bath for
10min. A PAR 173/179 potentiostat/coulometer
was used for potential control. In some integral-
conversion experiments, a 13.0 mm diameter Cu elec-
trode was used with a catholyte volume of 147 ¢’
and the concentrations of reactants and products were
determined using an HPLC analysis method. The
HPLC analysis was carried out by a method similar to
that presented by Sternson and DeWitte [10], and
further details can be found in [11}.

The uniformity of the current distribution on the
RDE was estimated using the method described by
Albery and Hitchman [12] which showed that, under
the most non-uniform conditions, the current across
the disc varied by less than 10% from the average for
the 5mm electrode but by up to 30% for the 13 mm
electrode. Even so, the data collected with the 13 mm
electrode agreed well with that for the smaller elec-
trode. Correction for the ohmic resistance between the
reference and working electrode was made using the
primary current distribution resistance [13].

A standard three-electrode electrolysis cell was used
with a Nafion membrane to separate the Pt gauze
counterelectrode compartment from the catholyte
compartment. All potentials reported are relative to

Table i. Summary of the physical parameters at 27° C

Dys = 4.4 x 107 %m?s™!
Dpyp = 2.1 x 107 %cm?s™!
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the saturated calomel electrode (SCE) and ohmically
corrected. The anolyte and catholyte were degassed
by Ar that had been passed over Cu turnings at
350° C, cooled and saturated with the solvent before
introduction into the cell. Prior to addition of the
reactant, pre-electrolysis was performed with a large
area Cu working electrode by passing 2 mA of current
for 2h.

PHA was prepared by reducing NB with Zn powder
as described by Kamm [14] and the crude product was
recrystallized twice from benzene using petroleum
ether (m.p. 82-83°C). The homogeneous chemical
rearrangement of PHA to PAP was studied in a glass
vessel with no electrode present using HPLC analysis
to determine the concentration of PAP with time.

3. Results and discussion

3.1. Electroreduction of nitrobenzene fo
phenylhydroxylamine

The diffusion coefficient for NB was measured from
the limiting current plateaux at different rotation
speeds using n = 4 (verified by HPLC measurements)
and the Levich equation [15]. As an internal consistency
check, the diffusion coefficients were also extracted
from the experiments performed below the limiting
current from the slope of the 1/I against 1/w'? curves
(Equation 1). The diffusion coefficient measured by
the two methods for NB was 4.4 x 10~¢cm?®s™
(+ 5%). Pseudo-first order electrochemical rate con-
stants (k, ) were obtained from current-rotation speed
data at a given potential as suggested by Bard and

Faulkner [15],

1 1 1
T = I T 06onFANBl, DTy To? M
I, = nFAK(E)NBg 2

where I is the total current, [, is the kinetic current
(that is, the current with no mass transfer limitations
as written in Equation 2), D is the diffusion coefficient
and v is the kinematic viscosity. The experiments were
carried out using different bulk concentrations of NB
(25.6-67.5mM). Plots of I, against bulk NB con-
centration show that I, for the reduction of NB is
linear in NB concentration (m = 1 in Equation 2).
Figure 2 shows that potential dependence of the rate
constant k, can be represented by a Tafel-type kinetic
expression. Current data only were used to calculate
the rate constant for the reduction of NB to PHA.
Consequently, it was necessary to perform a few
experiments to confirm that, at the potentials studied,
the current was primarily due to the reduction of NB
to PHA. The concentration-time data did indeed con-
firm this. For example, in an experiment at 1400 r.p.m.,
—0.5V (against sdturated calomel electrode (SCE))
and [NB},,. = 50mM, only 1.4% of the current went
to AN production and only 0.33% went to hydrogen
production, as estimated by the measurement of the
background current with no NB present.

oo
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Fig. 2. The potential dependence of the first-order rate constant for
the reduction of NB at 27° C. The rate constant was obtained from
the intercepts of 1/7 against 1/w'? plots (i.e. I, ) and includes data
taken at six different concentrations from 25.6 to 67.5 M. The Tafel
slope is 84 + 3mV decade™; k = 6.03 x 10 %cms™' exp
(—0.693 fE).

3.2. Chemical rearrangement of PHA to PAP

The reaction of PHA to PAP is called the Bamberger
rearrangement and is an acid-catalyzed, homogeneous
chemical reaction which was found to be first order in
PHA concentration by Sone et al. [16] in purely
aqueous sulphuric acid solution at 40°C. In the
present study, the reaction was also found to be first
order in PHA concentration since (a) plots of
In (1 — X) against time were linear where X is the
fractional conversion of the PHA {17}, and (b) the
fractional conversion of the PHA with time did not
depend on the initial concentration. The first order
rate constants (k,) were determined at temperatures
ranging from 30° to 61°C. Figure 3 is the Arrhenius
plot constructed from these data and the activation
energy is 100 kJ mol™'. The rate constant at 27° C, the
temperature used in the rest of the study, was deter-
mined by extrapolation to be 4.77 x 107 °s~'. The
rate constant at 40° C was determined by Sone et al.
[16] at a pH of 0 to be 1.0 x 107*s~'. The value
determined at 40°C from Fig. 3 is 0.28 x 107*s™'.
The difference between the two values is attributable
to the presence of the 1-propanol in the solution in the
present study which decreases the HT concentration
and therefore reduces the rate of this acid-catalysed
reaction.

3.3. Electroreduction of PHA to AN

The electrochemical reduction of PHA to AN was
studied using the in-house synthesized PHA as
the reactant. Because the homogeneous chemical
rearrangement of PHA to PAP is slow at 27°C, the
PHA to AN reaction can be isolated by performing a
differential-conversion experiment. (In one hour,
which is a typical time required for an experiment,
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Fig. 3. Arrhenius plot for the first-order rate constant of the
Bamberger rearrangement reaction of PHA to PAP in 1 M H,SO, in
50:50 (vol.%) water: l-propancl.  Activation energy =
100 kI mol™*.

only 1.7% of the PHA will react to form PAP.) How-
ever, the rate constant for the electroreduction of
PHA to AN (k,) is small enough so that the hydrogen
evolution current contributed significantly to the total
current. As a means of accounting for this secondary
reaction, currents due to hydrogen evolution were
measured immediately before introducing PHA into
the reactor. In a given experiment, the hydrogen
evolution current was subtracted from the current
measured after the PHA was added. The hydrogen
gvolution current was less than 10% of the total in
some experiments to as much as 50% in other experi-
ments. Consequently, there is some uncertainty in
the differential-conversion experiments for PHA
reduction because the rate of hydrogen evolution
might be affected by the presence of PHA.

The limiting current for PHA reduction could
not be measured because of the hydrogen evolution
reaction. Consequently, the limiting current for the
two-electron oxidation of PHA to nitrosobenzene in
the same solvent on a platinum RDE was used to deter-
mine the PHA diffusion coefficient. PHA and nitroso-
benzene form a redox couple [4, 18] around +0.35V
against SCE in the electrolyte used in the present
study. The identity of the PHA oxidation reaction was
confirmed using cyclic voltammetry on solutions con-
taining nitrosobenzene and on solutions containing
the in-house synthesized PHA, and in both cases the
expected redox couple was observed. The oxidation
limiting current experimenis showed the diffusion
coefficient for PHA to be 2.1 x 107 %cm*s™!
(+ 10%). The values for the diffusion coefficient
extracted from the slope of the 1/ against 1jw'?
curves for the reduction of PHA to AN, carried out on
the RDE below the limiting current, ranged from
0.7 x 107% t0 3.9 x 10~°cm?’s~". The lack of pre-
cision of the differential-conversion experiments in
determining the diffusion coefficient is a consequence
of the near kinetic-controlled conditions used in these
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Fig. 4. Plot suggested by Equation 3 to determine the reaction order
of the PHA to AN electroreduction. All data shown are for
E = —0.6V against SCE. The slopes of these curves (which
indicate the reaction order) range from 0.72 to 1.64. There is no
trend in the slopes with bulk concentration. / is in mA, 4 =
0.196cm?. © 17.0mM, O 32.5mM, a 355mM, & 46.4mM,
v 74.8 mM.,

experiments (because the rate constant is small) result-
ing in small slopes whose values are susceptible to
relatively large experimental error.

The order (m) of the PHA electroreduction reaction
was determined from the slope of the log (/) against
log (1 — IfI) plot suggested by the relationship {19}

log! = mlog(1 — I/I) + log ) (3

where 7, is the calculated limiting current {15]. Figure 4
shows such a plot for [PHA},,, ranging from 17.0 to
74.8 mM. Even though the slopes range from 0.72 to
1.64, no trend is seen with bulk PHA concentration.
Also, the data which deviates the most from unity,
corresponding to a bulk PHA concentration of
74.8 mM, cover a limited range of log (1 — 7/7) and
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Fig. 5. The first-order rate constant for PHA electroreduction as a
function of the time that the electrede is exposed to PHA: a
E= —055V; 0O E= —060V; and O E = —0.65V (potential
against the SCE).
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Fig. 6. The first-order rate constant for PHA electroreduction:
(a) as a function of time from differential-conversion experiments
(open symbols), and (b) from a fit of the integral-conversion RDE
model (Table 2) to the integral-conversion experimental data.
W 13mm electrode, 1400r.p.m., ¥ = 147cm’; ® 5mm electrode,
800r.p.m., ¥ = 43cm’. The Tafel slope is 150 + 12mV decade™".

therefore the slope determined from these data is
subject to the most uncertainty. We conclude that the
apparent reaction order, within reasonable experi-
mental error, is unity over the concentration range
studied.

The rate constant for PHA reduction (k,) was deter-
mined as a function of the time the electrode was
exposed to PHA in a differential-conversion experi-
ment. Figure 5 shows the apparent first-order rate
constant as a function of time as determined from the
intercept of plots of 1/I against 1/w'?. The apparent
rate constant decreases but seems to asymptote to a
constant value at long times. Figure 6 is a plot of the
log of the rate constant for PHA reduction against
potential and shows both the rate constants deter-
mined from integral-conversion experiments, which
are discussed later, as well as the rate constants
obtained from the differential-conversion experiments
as a function of time. The rate constants from the
differential-conversion experiments at long times are
consistent with the values from the integral-conversion
experiments which were carried out over 2 to 4h.

The change of &, with time raises the question of
whether the order of the PHA reduction reaction
changes with time. The data of Fig. 4 werc taken at
various times after exposure of the electrode to PHA
and no trend in reaction order with time was seen.
Also, the agreement between the results of differential-
and integral-conversion experiments, which are
fundamentally different (as discussed later), suggests
that a first-order rate equation for PHA reduction is
appropriate for the kinetic model.

3.4, Hydrogen evolution reaction
A rate equation was determined for the hydrogen

evolution reaction since it is normally of interest
in reactor design. Figure 7 shows the potential depen-

040 0.50 0.60 0.70 0.80
—£ {V aqainst SCE)

Fig. 7. Potential dependence of the hydrogen evolution current. The
Tafel slope is 182 + 13mV decade™'.

dence of the hydrogen evolution current obtained
from current measurements taken before PHA was
introduced to the reactor for the differential-conversion
experiments.

3.5. Integral-conversion experiments

The use of a simplified mechanism involving non-
elementary reactions to model the much more com-
plex combination of elementary steps which actually
occur clearly requires validation to support the
approach. Integral-conversion experiments (that is,
those involving conversions of NB of 5-15%) were
performed in which all the reactions in the mechanism
were occurring simultaneously, as opposed to the
differential-conversion experiments in which each
major reaction was carried out essentially indepen-
dently of the others. Another difference between the
differential- and integral-conversion experiments is
that the latter spanned a longer time. Constant
potential and rotation speed were used in these
integral-conversion runs.

Figure 8 illustrates the features of a mathematical

NAREEEANN

NB — > PHA —— ——+ AN 9H* —— H,

ka(EB) k:(E)
transport transport transport
of NB of PHA of AN
P
NB HA AN
ks Bulk
v electrolyte

PAP

Fig. 8. Schematic of the mass-transfer and reaction processes
occurring during the reduction of NB at the rotating disc electrode.
NB is transported to the electrode surface where it reacts electro-
chemically to form PHA which may be reduced to AN, or it may be
transported to the bulk electrolyte where it reacts to form PAP.
Simultaneously, the hydrogen evolution reaction occurs under
kinetic control since the acid is at a high concentration.



KINETIC STUDY OF ELECTROREDUCTION OF NITROBENZENE 375

model developed to extract kinetic information from
the integral-conversion experiments at constant
potential and rotation speed and is explained in detail
below. The two electrochemical reactants, NB and
PHA, are transported to the electrode across two
independent diffusion layers. The thickness of the
equivalent diffusion layers for the RDE are given by
the following equation [15]:

5, = 1.61DMBw~ 1yl 4)

At the electrode, the three electrochemical reactions
shown in Fig. 8 may occur. Some of the PHA pro-
duced at the electrode is reduced further to AN while
the rest of the PHA is transported to the bulk solution
where it may form PAP. The model assumes electrical
migration effects are unimportant, the diffusion of
NB and PHA are independent of one another, no
competitive adsorption occurs on the electrode, no
reaction of PHA to PAP occurs in the boundary layer,
and the adsorption isotherm is linear and can be
incorporated into the first-order rate constant. These
assumptions imply a dilute solution in which the
diffusion coefficients are constant and only a small
fraction of the electrode surface is covered with
electroactive species.

Given the physical description provided by Fig. 8,
the analytical expressions, shown in Table 2, for the

Table 2. Expressions for the time dependency of the bulk concen-
trations for the species in an RDE integral-conversion experiment at
constant potential and rotation speed. A and V are the electrode area
and electrolyte volume, respectively. [NB); is the initial bulk con-
centration of NB. Because the reactions are assumed to be indepen-
dent of one another, it is not necessary to know the H, evolution
kinetics to predict the concentrations of the other species

[NB] = [NBJe ¥

kg — kgt iy
e
2= Ko

[PHA] = [NB] e

Ky ase kS
5 — &

e
PAP] = [NB], =21 1

e—-k(]r:|

Kk [0 e 1 1

AN] = [NB], 22— — ™ — — ¢ ¢ -
AT [LH—%Lf TR d

k; ki
+ [NB], 2 {1 — 7]
k@

where
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YTV T+ km,

K = ky —
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Fig. 9. Calculated (curves) and actual (symbols) concentration—
time behaviour for PAP and AN during an integral-conversion
experiment. The rate constant for PHA electroreduction to AN was
used as an adjustable parameter in the model to fit the experimental
data. The electrode rotation speed was 1400 r.p.m. and the potential
was — 0.5V against SCE.

changes in bulk concentrations are found by solving
the transient material-conservation equations. Since
the rate constant for PHA reduction (k,) decreases
significantly with time at the beginning of an experi-
ment, k, was used as the only adjustable parameter to
fit the experimental AN concentration—-time data from
the integral-conversion experiments. The value of &,
so determined is then compared to the value from the
differential-conversion experiments, as shown in
Fig. 6.

The results extracted from integral-conversion
experiments in which NB was used as the starting
material using the equations of Table 2 agree with
those of the differential-conversion experiments
in which PHA was used as the starting material.
Obviously, at long times, the ‘differential-conversion’
experiments involve conversions that can be as high as
the integral-conversion experiments. The important
point is that the differential- and integral-conversion
experiments are fundamentally different; in the
differential-conversion experiments, PHA was used as
the starting material and rate data were obtained only
from the current, corrected for H, evolution, while in
the integral-conversion experiments, NB was used as
the reactant and actual bulk concentration-time data
were measured. The agreement between these very
different sets of experiments supports the validity of
our approach.

Figure 9 shows the results of one typical baich
experiment and the best-fit AN simulation results. The
predicted and actual PAP concentrations agree fairly
well which supports the kinetic expressions obtained
for both the reduction of NB to PHA and the chemical
rearrangement of PHA to PAP. Other integral-
conversion experiments showed equally good agree-
ment between the predicted and measured PAP
concentrations and are reported in more detail in [11].
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Table 3. Summary of the kinetic parameters determined in this study

PAP

NB — PHA

kY (E)
ky(E)

AN

K, = (6.03 x 10-%cms ') exp (—0.693/E)
k, = (271 x 107%cms™") exp (—0.398/F)

ky = 477 x 107%s7!
in = (2.81 x 107" Acm™2) exp (—0.328/F)
T = 300K

S = F/RT = 38.66 V™'
E = V against SCE

4. Summary

Engineering kinetic expressions were obtained for a
simplified mechanism for the electroreduction of NB
on Cu in a deoxygenated acid solution of water and
l-propanol. These expressions are summarized in
Table 3 and values of physical parameters deter-
mined in this study are given in Table 1. The kinetic
expressions reflect the electrode activity that prevails
during prolonged electrolysis and, consequently, are
most suitable for experiments lasting an hour or more.
Various experimental procedures were used in an
attempt to establish the validity of the approach used
here to obtain these quantitative rate expressions.
The complexity of many electroorganic reaction
sequences necessitates some simplifications, but blind
empiricism is not necessary. The state of electro-
chemical engineering is today sufficiently advanced to
bridge the gap between the complexities of fundamental
electrochemistry and the practical design needs of the
chemical industry.
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