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The effect of cathode materials on the electrochemical reduction of nitric
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Electrochemical or chemical reduction of nitric acid is a well studied area in literature due to the importance
of the products formed. The present work focuses on the effect of conventional cathode materials including
PbO,, amalgamated Cu, graphite, Pb, Pt and a modified electrode material Ti/ TiO, on the reduction of nitric
acid. Ammonia and hydroxylamine are the main products which are estimated by conventional titration
methods. Other conditions being similar, the product distribution varies quite drastically as a function of
the electrode material and Ti/ TiO, is found to favor a higher ratio of hydroxylamine to ammonia formation
compared to other electrodes. The conditions have also been optimized based on the maximum yield of the

product.
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INTRODUCTION

The action of metal on nitric acid yields different prod-
ucts namely nitrous acid, hypo nitrous acid, hydroxylamine
and ammonia. Electrolytic reduction of nitrates in neutral
and alkaline media yields nitrite and ammonia as the
chief products. Nitrogen and oxides of nitrogen have also
been detected but only small amounts of hydroxylamine
have been discovered. As nitrogen has oxidation states
from +5 to -3, the transition from nitrate to nitrogen can
give a large number of by-products such as NO,, NO,,
NO, N,0, NH,OH, NH;, NH,NH,. In addition, some
intermediates such as: H,N,0;, HNO (or its dimer
H,N,0,) and NH,NO,, whose stability depends on the
solution pH and the temperature may be involved in the
reduction mechanism' ~°.

Electrolytic reduction of nitric acid at mercury cath-
ode favors hydroxylamine formation but if mercurous sul-
phate is added, then nitric oxide is obtained with 70%
current efficiency. Hydroxylamine and ammonia are the
major products when a mixture of nitric acid and sulphu-
ric acid is electrolyzed. The product efficiency was de-
pendent on the concentration of nitric and sulphuric ac-
ids. Amalgamated lead, tin and copper also enhance the
yields of hydroxylamine. With 0.4 g of nitric acid in 50%
sulphuric acid and a current density of 0.0024 A/cm?,
highest current efficiency of 82% for hydroxylamine for-
mation was observed at amalgamated lead cathode. At
mercury as well as at tin or copper amalgams, equally
good results were obtained with the enhanced yield of
hydroxylamine. The electro osmotic method using ceramic
diaphragm yielded 72.8% hydroxylamine. With stationary
cathodes of Sn, Pb, Al, Fe, Ni, Cu or Pt, ammonia was the
main product.

The present work was carried out to explore the effect
of different cathode materials other than mercury and
amalgamated mercury on the product distribution. The
aim was to explore an alternate electrode material which
can be as efficient under normal experimental conditions
(without using higher temperatures, catalysts etc.) but is
also nontoxic. Apart from conventional electrode materi-
als, modified electrode Ti/TiO, has been used for the first
time for any inorganic reduction. It has been previously

used as an efficient electrocatalytic cathode for several
organic reductions!® -2, It may be mentioned that hy-
droxylamine is an industrially useful product useful in
making caprolactam, nylon intermediate.

EXPERIMENTAL

The Ti/TiO, cathode employed was prepared by the
procedure reported in literature®. Amalgamated copper/
lead are prepared by immersing a fine sheet in mercury
until it is deposited uniformly on the copper/ lead sheet.

Nitric acid and sulphuric acid of AR grade were used.
Double distilled water was employed for all the studies.

A nitric acid — sulphuric acid mixture of varying com-
positions was employed as the catholyte which was placed
in a one liter beaker. A 20% sulphuric acid solution was
used as the anolyte which was placed in a ceramic porous
pot placed inside the beaker. The cathode and anode (Pt)
were placed in the respective compartments. A glass stir-
rer rotated using a magnetic motor was used for stirring
of the solution. This set up was surrounded by the ice bath
to maintain constant temperature. A constant current was
applied through a regulated DC power supply (Aplab L
3220). The current density at the cathode was maintained
at 5.3 A/dm? The cell voltage was measured using a
multimeter.

The products of electroreduction of nitric acid, namely,
hydroxylamine and ammonia were determined
volumetrically as follows:

Determination of hydroxylamine by Raschig method

50 ml of the reaction mixture is taken for the analysis
of hydroxylamine. To the reaction mixture, 30 ml of cold
saturated solution of ferric ammonium sulphate (alum) is
added followed by 10 ml of diluted H,SO, (1:4). The
solution is heated to boiling, then diluted to 300 ml and
titrated immediately with standard potassium permanga-
nate solution.

Determination of ammonia

The ammonia content is determined by back titration.
The neutralized solution is taken in a round bottom flask
fitted with the water condenser; another round bottom
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flask is taken as a receiver which contains excess 0.1 N
HCl solutions. Then the neutralized solution is boiled for
one hour and the stream of ammonia is collected in the
receiver. The excess acid in the receiver is then titrated
against 0.1 N NaOH using methyl orange as indicator.
The mole of ammonia is obtained from the difference
between the known amount of HCI added and the moles
determined by titration.

RESULTS AND DISCUSSION

Initially the experiments were optimized based on vary-
ing the nitric acid concentration, temperature and sulphu-
ric acid concentration and choosing the best conditions
wherein higher yield of hydroxylamine is formed. Under
this condition, the experiments were carried out varying
the cathode materials.

The effect of cathode materials on the reduction of
nitric acid can be seen from Table 1. It can be seen from
the table that ammonia was the main product in all the
cases with very small quantity of hydroxylamine being
formed. However, compared to electrodes like PbO,,
amalgamated Cu, graphite, Pb and Pt, the amount of hy-
droxylamine formed at Ti/TiO, is considerably higher. It
is likely that this electrode favors the formation of hydroxy-
lamine to some extent. While hydroxylamine is formed by
6 electron reduction, ammonia is formed by an 8 electron
reduction as shown below in equations 1 and 2:

HNO,; + 6 H* + 6e- — NH,OH + 2 H,0O (1)
HNO, + 8 H" + 8 e — NH; + 3H,0 (2)

While at other electrodes, the hydroxylamine conver-
sion to ammonia is favored and can't be prevented, the Ti/
TiO, cathode facilitates hydroxylamine formation to some
extent. It is likely that the TiO, layer exhibits catalytic
effects. A partial reduction of TiO, could also be part of
the electrocatalytic mechanism similar to the catalysis by
TiO, in organic reductions!® - 12 as suggested below:
TiO, + H,0 + H+ + ¢ = Ti (OH), 3)
3Ti(OH); + NO — 3TiO, + RNH,0OH + 3H,0 (4)

The electrochemically formed Ti** by the reduction of
Ti** in step 3 reduces NO, one of the intermediates of
HNO; reduction, to NH,OH and itself getting oxidized to
Ti** (Step 4). The Ti**/Ti** redox couple acts catalyti-
cally as shown above and is responsible for higher yields
of NH,OH formed while using this cathode material.

Further work would be done to increase hydroxylamine
formation.

While mercury is toxic, still it has high hydrogen over
potential and favors hydroxylamine formation without
reducing it further to ammonia. However, the electrode

materials in the present study give ammonia as the major
product. Ti/ TiO, however give considerable amount of
hydroxylamine and so is the most promising electrode
with respect to hydroxylamine formation. Further optimi-
zation of the conditions would be undertaken to further
enhance hydroxylamine formation.

CONCLUSION

Electroreduction of nitric acid in sulphuric acid me-
dium results in the formation of ammonia with a small
amount of hydroxylamine at PbO,, amalgamated Cu/Pb,
platinum and graphite. Ti/TiO, electrode however, favors
higher yields of hydroxylamine, a more useful industrial
product. In this case, the Ti**/Ti** redox couple catalyses
hydroxylamine formation. Further optimization of reac-
tion conditions to produce higher yields of hydroxylamine
is being attempted. The purpose would be to replace the
toxic mercury cathode by the Ti/TiO, electrode if encour-
aging results are obtained.
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