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ELECTROCHEMICAL REDUCTION OF ACRYLONITRILE ON GLASSY
CARBON ELECTRODE IN AQUEOUS SOLUTIONS
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ABSTRACT

The electrochemical reduction of acrylonitrile has been studied on a glassy carbon
electrode in tetraethylammonium bromide electrolyte at pH 8.0 using voltammetry, cyclic
voltammetry and controlled potential electrolysis techniques. The Tafel slope analysis
. has indicated that the reduction mechanism changes with concentration of acrylonitrile.
Cyclic voltammetric measurements have revealed that the reduction of acrylonitrile
occurs by strong adsorption along with the tetraalkylammonium cations. The reduction

mechanism has been discussed.
INTRODUCTION

Electrohydrodimerization (EHD) of acrylonitrile (AN} [1-3] to
adiponitrile (ADN) is an established commercial process, which
has undergone further developments [4-6] to economize the cost
of production. The study of the mechanistic aspects of the EHD
reaction of AN [7-12] is still continued.

It has been established that the proton availability in the electrolytic
medium controls the reaction pathways leading either to propionitrile,
the saturated monomer or adiponitrile, the hydrodimer. The
radical anion R~ which is formed by electronation of the activated
olefin R, is relatively unstable and may undergo protonation
followed by further elecironation of the protonated radical RH- or
dimerization reaction. The former redction pathway which leads
to saturated monomer is favoured in the presence of proton
donors. In general, a protonated radical is easily reducible than
the reactant itself and therefore proton content or protonating
agents are to be controlled to achieve EHD reactions. Water itself
is considered as an effective proton donor and that is why the
omount of water confent in the electrolyte, particularly in the
vicinity of the electrode, is avoided in the study of many EHD
reactions.

It has been possible to control the formation of ADN from AN in
preference to propionitrile on a lead cathode in aqueous electrolyte
containing large amount of tetraalkylammonium salt as supporting
electrolyte. The occurrence of EHD of AN in aqueous solution is
~explained by the presence of the tetraalkylammonium cations
creating a water-poor region within the double layer where EHD
can proceed without appreciable competition from the parallel
pathway of protonation and further electron transfer leading to
the saturated.monomer. Later it has been found that even very
low concentrations (i.e. 10-4 to 10-3 M) of strong surfactants [13]
like tetraalkylammonium salts are enough to cause EHD to proceed
with high current yields in aqueous solutions. There are patents
[3.6.14] on the EHD of AN from aqueous solutions differing in
minor details.- But a very few mechanistic studies [7-12] are
reported on the above system and these studies have been made

using mercury as cathode. Reports on the mechanistic studies on.

solid electrodes are found to be very few in spite of the fact that
elecirodes like lead, cadmium and graphite are used as cathodes
in the commercial electrolytic cells.

Preliminary cyclic votkammetric studies on the reduction of acrylonitrile
using solid electrodes such as lead, amalgamated lead, cadmium
and glassy carbon have revealed that only glassy carbon elecirode

gives well-defined peak-shaped cyclic voltammograms among the
‘above mentioned electrodes and the hydrogen evolution potential
is also very much shifted to negative potential region. Therefore
the present study has been carried out with glassy carbon electrode
using voltammetry, cyclic voltammetry and conirolled potential
electrolysis techniques.

EXPERIMENTAL

Both steady state measurements and cyclic voltammetric measure-
ments were made in an H-type ali-glass cell in which the cathode
and anode compartments- were separated by a sintered gloss frit.
A 5 mm diameter glassy carbon rod (Tokai) inserted into a glass
tube was used as the cathode and the effective area of the
cathode was the exposed bottom disc surface. The anode material
was a platinum sheet. Saturated calomel electrode was used as
the reference electrode and it was united to the workmg electrode
through a capillary.

Solutions were prepored from double distilled water. The tetroalkyl
ammonium salts and other chemicals used as supporting elecirolytes
were analytical grade chemicals. Experiments were carried out at
a constant temperature of 33° * 1°C. All measurements were
made at constant pH 8.0.

A potentiostatic three-eledirode system was used in the voltammetric
measurements. Potentials were opplied from o potential scon
generator through a potentiostat and the current output was
recorded using a fast response X-Y Recorder.

Controlled potential electrolysis experiments were done in a
divided cell using the electroprep cell system.

The glassy carbon disc surface was polished stepwise up to 4/0
emery to a mirror finish, degreased with trichloroethylene, washed
with double distilled water and then inserted into the cell containing
the supporting electrolyte. Both catholyte and anolyte were the
same. Purified hydrogen gas wass passed through the catholyte
for twenty minutes to remove the dissolved oxygen and passed
above the solution during the electrochemical measurements.
Both the steady state measurement and cyclic voltammetric
measurements were made under unstirred condition. The electrode
surface was electrochemically pretreated at — 1.00 V vs SCE for
a few minutes before recording the background current. Each
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electrochemical measurement was made after passing hydrogen
through the electrolyte and on the electrode surface for 2-3
minutes.

Controlled potential electrolysis : Controlled potential electro-
lysis was performed in a divided cell using a glassy carbon cathode
(area 25 cm2) at —1.80 to —2.0 V vs SCE. The total passage of
coulombs were recorded using the integrator avoilable in the
electroprep cell system. The pH of the solution was maintained at
8.0 by adding dilute hydrochloric acid. At the end of electrolysis,
the solution was taken out, the products were extracted three or
four times with the addition of bulk quantity of AN. This was
then distilled over a water bath. The product was mainly ADN
which was confirmed by acid hydrolysis leading to the formation
of adipic acid.

RESULTS AND DISCUSSION

Steady state voltammetry:Figure 1 shows the steady state
current-potential curve for the reduction of AN on glassy carbon
electrode in aqueous 0.2 M tetraethylammonium bromide solution
at pH 8.0. Concentration of AN was varied from 1.5 X 102 M
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Fig. 1 : Steady state currenr-pérénricl curve for the reduction of
acrylonitrile in 0.2M (CqHs)aNBr,
pH 8.0, temp 32°C, AN conc 0.04527M

to 1.5 X 101 M. Well-defined polarographic-type limiting wave
was obtained under unstirred condition and the limiting current
which was corrected by subtracting the background current was
found to increase linearly with AN concentration. The half wave
potential was found to shift in the cathodic direction with increase
in concentration.

Figure 2 shows the E vs log ({i_-i}/i] plots for the reduction of AN.
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Fig. 2 : E vs log [(iL-i)/i] plots for thé reduction of acrylonitrile in

0.2M (CaHs)aN8r,
pH 8.0, temp 32°C
(A) AN concn 0.03018M, (B) AN concn 0.1509M

The Tafel slope value was found to change with concentration of
45 mM,the Tafel siope was —60 mV and it was —120 mV fora
concentration of 150 mM and above under the same experimental
conditions. The above observation of change in Tafel slope value
with concentration has indicated that the reduction mechanism
changes with concentration.

Cyclic voltammetry : Figure 3 shows the typical cyclic voltammo-
gram obtained for the reduction of AN on glassy carbon electrode
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Fig. 3 : Typical cyclic voltammogram for the reduction of 0.01509M

solution of acrylonitrile in 0.2M (CaHs)aNBr,
pH 8.0, temp 32°C




in 0.2M tetraethylammonium bromide at pH 8.0. Single well-
defined peak was formed in the cathodic scanning up to the
potential of hydrogen evolution and no complementary anodic
peak appeared on the reverse scan. The sweep rate was varied
from 0.025 V/sec to 2.0 V/sec and the effect of sweep rate on the
peak potential and peak current was found out. Figure 4 shows
the effect of sweep rate on the cyclic voltammograms recorded for
the reduction of 0.75 X 10 M AN. The peak potential, Ep, was
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Fig. 4 : Effect of sweep rote on the cyclic voltammograms obtained
for the reduction of 0.075M acrylonitrile solution
pH 8.0, temp 32°C _
(a) 25 mV/sec, (b) 50 mV/sec, (c) 100 mV/sec and (d) 150

found to shift in the cathodic direction as the sweep rate was
increased and this Ep-shift was observed for the whole range of
concentration studied. Cathodic shift of peak potential was also
observed with respect to concentration of AN as shown in Table
.

Table | : Effect of concentration of acrylonitrile on peak
parameters

Concen. of Scan rate —Ep —Ep/2 p
AN, M V/sec mV mV mA
0.01509 0.025 1963 1865 1.08
0.04528 0.025 2025 1895 2.59
0.07547 0.025 2077 1920 376
0.1056 0.025 2120 1950 4.00
0.1509 0.025 2200 2015 5.00
0.01509 0.250 2075 1930 2.80
0.04528 0.250 2200 1980 6.14
0.07547 0.250 2300 2025 7.50
0.1056 0.250 2355 2065 10.00
0.1509 0.250 2490 2140 11.70

Thangavelu et al. — Electrochemical reduction of acrylonitrile

The observed shift of peak potential in the cathodic direction and
the absence of anodic peak on the reverse scan in cyclic voltammetric
studies have suggested that the overall process is an irreversible
process.

Figure 5 shows the plot of Ep vs logarithm of sweep rate.
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Fig. 5 : Ep vs log v plot for the reduction of acrylonitrile (a) AN
concn 0.075M, (b) AN concn 0.1509M.

The above relationship was found to be linear but the shift of
peak potential with a slope of —240 mV and —290 mV per
decade change of sweep rate for slightly lower and higher
concentrations of AN respectively did not fit into the normal
values (30-40 mV per decade) expected for an irreversible charge-
transfer process or reversible charge-transfer process followed by
a fast irreversible chemical reaction [9].

Peak current (ip) values obtained ot different siveep rates were

corrected to the background current recorded at the corresponding
sweep rates and the current function values ip VY2 were not

found to be constant as shown in Table Il. This indicates that the

Table Il : Current function values (ip/v‘/‘Z) at different sweep
rates and concentration conditions.

Concn.of  Sweeprate VY2S-%2 ip ip/VY2*

AN M V/sec mA

0.0453 0.025 0.1581 2.590 0.0164
0.050 0.2236 3.200 0.0143
0.100 0.3162 4100 0.0130
0.150 0.3872 4.800 0.0124
0.250 0.5000 6.138 0.0123
0.500 0.7071 8.200 0.0116

0.075 0.025 0.1581 3.762 0.0238
0.050 0.2236 4224 0.0189
0.100 0.3162 5.148 0.0163
0.150 0.3872 6.138 0.0159
0.250 0.5000 7.500 0.0150
0.500 0.7071 10.400 0.0147

0.151 0.025 0.1581 5.000 0.0316
0.050 0.2236 6.100 0.0273
0.100 0.3162 7.900 0.0250
0.150 0.3872 9.500 0.0245
0.250 0.5000 11.700 0.0234
0.500 0.7071 15.600 0.022)

*

ip/V'/Q. ip in amperes, V in Volt. sec. -
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coupled chemical reaction and/or adsorption are controlling the
overall electrode process.

Adsorption : Table lll shows the EpY¥2 and Ep values obtained in

cyclic voltammetric measurements for the reduction of AN on-
carbon electrode using different electrolytes.

Table Il : Cyclic peak parameters with different electrolytes :
0.04528 M AN; Sweep rate, 0.025 V sec-; ’
pH 8.0; temp. 33°C

Supporting ~Ep —Epl2 ip

electrolyte mv mV mA
0.2M KCl '2090 1970 264
0.2M NaClOs4 2125 1990 2.40
0.2m (CoHs)NBr 2025 1895 2.59
0.2M(CHa)aNCI 2095 1970 217
1.0M (CH3)NCl 1995 1905 2.44

The lower values of Ep¥2 and Ep obtained with tetrdclkylcmmonium

salt as supporting elecirolyte indicate that the reduction of AN is
accelerated by the presence of tetraalkylammonium cations.

Adsorption of AN on mercury cathode has already been established
[15,16]. The co-adsorption of AN with tetraalkylammonium
cations has been confirmed by differential capacity measurements.
The adsorption of AN on glassy carbon electrode is also confirmed
by the present cyclic voltammetric studies. Enormous cathodic
shift of peak potential is also observed unusually in the cathodic
direction with increasing concentration of AN. These observations
are characteristic for strong adsorption and are comparable with
some of the reactant adsorption-involved systems [17,18] and
therefore give an indirect evidence that the reactant is strongly
adsorbed on glassy carbon electrode.

Mechanism of reduction : Recent study of the electrochemical
reduction of AN on mercury electrode in lithium citrate containing
very low concentration of dodecylethyldimethylammonium bromide
revealed that the reduction mechanism and the reduction product
changes with concentration of AN. Similarly in the present study.
an increase of AN concentration by only one order of magnitude
(from 10-2 to 10! M) has caused a change in the Tafel slope
value and therefore a change in the mechanism of reduction on
glassy carbon electrode. Tafel slope value of —60 mV per decade
obtained at lower concentration (Fig. 2) indicates that the charge
transfer reaction is reversible though the exact product is not
identified. At higher concentration of AN the observed Tafel
slope value of —120 mV per decade and the slope value of —130
mV for 8 Ey,/ 8 log CAN indicate that as the concentration of
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acrylonitrile increases, the charge transfer reaction is retarded on
glassy carbon electrode and the transfer of the first electron is the-
rate-determining step in the overall electrode process. This is in
accordance with the observation [10] in experiments with higher
concentration of AN in higher concentration of tetraalkylammonium
salt-as supporting electrolyte. The above type of reduction of AN
may be due to the change in the adsorption behaviour with
concentration.

Controlled potential electrolysis experiment has shown that the
hydrodimer, ADN, is the reduction product formed under higher
concentration of AN. Since adsorption effects are involved, the
present experimental results could not be utilised to distinguish
between the possible pathways for the formation of hydrodimer
such as radical anion-radical anion coupling and radical anion-
substrate coupling.
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