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The Synthesis of HCN in a Solid Electrolyte Cell

Two synthesis processes account for
most of the HCN produced today. The first
is based on the classical technology devel-
oped by Andrussow according to which
methane, ammonia, and air react over plati-
num based catalysts at 950-1050°C:

CH, + NH, + §0,— HCN + 3H,0
AH® = —113 Kcal/mol. (1)

The second method is the strongly endother-
mic Degussa process according to which
CH, and NH; react in absence of air, at
1100-1150°C:

CH, + NH;— HCN + 3 H,
AH® = +60Kcal/mol. (2)

The Andrussow process offers the big ad-
vantage of being energy sufficient, that is,
the reaction is carried out adiabatically at
the desired temperature. Thus, despite the
low HCN content (=8%) in the off-gas
stream, the larger number of by-products,
and the large recovery equipment to accom-
modate the gas volume, it is the dominant
route to HCN today (/).

The energy requirement of the HCN sys-
tem, as well as the role of oxygen in the
overall reaction scheme, led to the interest
in running this reaction in an O*~ conducting
solid electrolyte cell reactor. In this process,
the anode of the cell is exposed to a
CH,~NH; mixture and the cathode is ex-
posed to air. Oxygen of the air is transported
in the form of O~ through the solid electro-
lyte wall and reaches the anode where it
reacts with the fuel to produce HCN. Simul-
taneously part of the reaction free energy is
converted to electricity. The feasibility of
this process has already been demonstrated
(2). In the present communication the kinet-
ics of the HCN synthesis in an yttria stabi-
lized zirconia (YSZ) cell are presented. The
role of 0%~ is compared to that of gaseous
oxygen under reaction conditions.
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The reactor cell configuration is shown in
Fig. 1. It consisted of an YSZ tube of 16-
mm ID, 19.5-mm OD, open at both ends and
enclosed in a 22-mm ID, 25-mm OD quartz
tube. The CH,~NH, mixture was flowing in
the annulus between the YSZ and the quartz
tube. The anode (catalyst) was prepared by
applying Engelhard A3786 Pt ink on the out-
side surface of the YSZ tube, followed by
air drying at 90°C for 1 h and calcining for }
h at 850°C with a temperature increase rate
of 200°C/h. The procedure was repeated
three times to achieve an electrode resis-
tance of less than 0.30 Ohms. The catalyst
ring on the YSZ surface was about 1 cm
long. A similar Pt film, but 3—4 times longer,
was deposited on the inside surface of the
YSZ and served as a cathode. The cell was
located in a furnace (length of heating ele-
ments =~ 18 cm) where the temperature was
controlled within 2-3°C. Reactants and
products were analyzed by on-line gas chro-
matography. Currents were imposed by
means of an externally connected galvano-
stat. Additional information on the experi-
mental apparatus can be found elsewhere
2, 3).

A freshly made catalyst was inactive to
HCN formation upon exposure to
CH,~NH; mixtures. It takes 60—-80 h expo-
sure to a 20.5% CH,—8% NH,;, balance He
mixture in order for the rates of HCN and
N, production to reach a steady state value
(3). After this initial activation period the Pt
film maintained its reactivity for more than
1000 h of open-circuit operation. Scanning
electron microscopy showed that this acti-
vation period is associated with structural
rearrangements of the anodic electrode, re-
sulting in a skeleton-type porous film with
average pore size of 2-3 um (3).

The reaction of HCN synthesis was stud-
ied at temperatures 750-1000°C and atmo-
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Fi1G. 1. Reactor cell configuration: (1) Heating element, (2) Quartz tube, (3) Zirconia tube, (4) Pt
catalyst-anode, (5) Pt-cathode, (6) Cooling coils, (7) O-rings.

spheric total pressure. In addition to unre-
acted CH, or NH,;, the compounds
identified in the effluent stream were HCN,
CO, H,, H,0, CO,, N,, and N,0. Oxygen
was totally consumed in all catalytic experi-
ments.

The contribution of noncatalytic gas-
phase reactions was first investigated by us-
ing a reactor identical to that shown in Fig.
1 but without depositing catalyst on the out-
side YSZ surface. The effective reactor vol-
ume was 12 cm®. At 760°C, reaction rates in
the “‘blank’’ reactor did not exceed 15% of
the global (catalytic plus noncatalytic) rate.
No HCN or CO were found at this tempera-
ture in the ‘‘blank’’ reactor. At 960°C, HCN
and CO did form noncatalytically, account-
ing typically for about 5% of their corre-
sponding global rates. The noncatalytic con-
sumption of ammonia typically accounted
for about 30% of the global rate at 960°C. In

presence of oxygen, only trace amounts of
HCN were detected at 960°C.

The reaction kinetics on platinum were
studied under both open-circuit and closed-
circuit operation. Under open-circuit (zero
current) oxygen was introduced in the gas
phase together with CH, and NH;. Figure 2
shows the rate of HCN formation as a func-
tion of the product of the partial pressures
of the reactants in presence and in absence
of oxygen. It can be seen that neither elec-
trochemical nor gaseous oxygen affect sig-
nificantly the HCN rate, which is essentially
determined by the partial pressures of CH,
and NH; in the reactor. As such, the outlet
partial pressures of either reactant were
taken, since it was shown that the mixing
characteristics of the cell resemble those of
a CSTR (3). Hydrogen cyanide follows a
first order dependence with respect to both
reactants. The data in presence of oxygen
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Fi1G. 2. Kinetics of HCN synthesis in the cell reactor in absence and in presence of gaseous or
electrochemical oxygen; open symbols: gaseous oxygen, filled symbols: electrochemical oxygen; Gy,

=26 x 1077 mol/s.

(either electrochemical or gaseous) in Fig, 2
correspond to an oxygen inlet of about 2.6
X 107¢ mol/s of O,. This value corresponds
to a current density of 160 mA/cm? for the
case of electrochemical oxygen. Higher
electrochemical oxygen inlets were limited
by the thickness of the employed electrolyte
(1.8 mm). Data for intermediate values of
current density fall very close to the line of
Fig. 2 and are not shown for clarity. In all
runs, essentially ohmic resistance polariza-
tion was observed with the electrolyte resis-
tance dominating (3), in agreement with
other studies with comparable electrolyte
thickness (¢4).

Carbon monoxide and water were the pri-
mary oxidation products in both cases (gas-
eous or electrochemical oxygen) and this is
shown in Fig. 3. Carbon dioxide was ob-
served only at high O, and at rates one order
of magnitude less than those of CO. There
was no NO detected in any experiment and
only in rare occasions (low CH,/NH; ratios,
high O,) N,O was formed. Figure 3 shows
that insignificant differences are observed
between open- and closed-circuit rates for

all CH,/NHj, ratios above 0.1. In fact, under
these conditions, carbon monoxide is, gen-
erally, favored over water which starts be-
ing produced only at higher oxygen inlets.
Maximum water rates correspond to only
about 30% of the carbon monoxide rates
under these conditions. Water is enhanced
at low CH,/NH; ratios (high NH, contents)
where its rate becomes comparable to the
CO rate. In addition, a slight difference be-
tween gaseous and electrochemical oxygen
is manifested under these conditions and
high oxygen inlets, where it seems that elec-
trochemical oxygen enhances H,O in the
expense of CO to a greater extent than gas-
eous oxygen does. This is shown more
clearly in Fig. 4 where the rates of CO and
H,O are plotted as a function of the NH,/
CH, inlet ratio. The data correspond to an
oxygen inlet of 2.6 X 107% mol/s and were
taken from Fig. 3. Finally, oxygen did not
affect significantly the nitrogen formation
rate either under open- or closed-circuit
conditions at this temperature (960°C).
Several investigators have studied the re-
action of HCN synthesis in presence and in
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FiG. 3. Effect of gaseous or electrochemical oxygen on the formation rates of CO and H,0; open
symbols: gaseous oxygen, filled symbols: electrochemical oxygen.

absence of oxygen (5-10). The most thor-
ough study was done recently by Hasenberg
and Schmidt (8—10) on Pt and Rh catalysts.
The two catalysts exhibited similar behav-
ior. It is suggested that HCN is formed by
the interaction of carbon containing species
CH, with nitrogen containing species NH,,
while nitrogen is formed by the interaction
of two NH, species. Depending on the ex-
tent of carbon adsorption and on its own
surface coverage, oxygen can either en-
hance or decrease the HCN production rate
(10). Waletzko and Schmidt (/) prepared a
model that simulated the performance of in-
dustrial reactors using kinetic data for 13

unimolecular and bimolecular reactions.
Despite the complexity of the problem and
the many sources of experimental data used,
the model predictions are in very good
agreement with either the Degussa or An-
drussow reactors.

The present kinetic observations seem to
be in agreement with the kinetic model de-
rived by Hasenberg and Schmidt in Ref. (8,
9). Specifically, the rate dependence on CH,
and NH, is the same as in Refs. (8, 9) assum-
ing insignificant reactant inhibition for the
present experiments. Furthermore, for most
of the experimental conditions examined the
apparent temperature dependence of the
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FiG. 4. Effect of gaseous composition on the formation rates of CO and H,0 for Gy, = 26 x 1077
mol/s; open symbols: gaseous oxygen, filled symbols: electrochemical oxygen.

HCN formation rate was found to be within
10% of that implied by the model of the
above references.

The fact that CO is favored over H,O (Fig.
3) indicates that under most conditions, the
coverage of carbon species is higher than
that of nitrogen species, in agreement with
the observations of Hasenberg and Schmidt
(10). The only differences found in the pres-
ent study are the relatively lower selectivi-
ties (selectivity defined as moles of HCN
produced/mole of NH; consumed) and the
absence of NO in the effluent stream. To a
large extent, these differences can be ex-
plained if one takes into account that the
YSZ cell operated (3) at high conversions
(conversions of CH, and NH; were typically
25-30% and 55-65%, respectively). In a
high conversion reactor, NO may be formed
but quickly undergo reactions with carbon
or oxygen containing species to form CO,
HCN, or N, so that it is not detected at
measurable amounts in the off-gas stream.
In addition, noncatalytic gas phase reac-

tions, which are much less selective to
HCN, contributed significantly in the over-
all conversion of NH,, especially at temper-
atures higher than 800°C (3).

Finally, as Figs. 2 and 3 indicate, gaseous
oxygen and electrochemical oxygen appear
to affect rates in the same manner for a wide
range of CH,/NHj; ratios. A slight difference
exists only for very low CH,/NH; ratios
(<0.07) where electrochemical oxygen
seems to favor H,0 in expense of CO, while
the opposite is true for gaseous oxygen. A
possible explanation can be found in the ho-
mogeneous reactions that O, can undergo as
opposed to O*~, which is consumed on the
surface and does not appear in the gas
phase. Thus, it was found (3) that under
these conditions, gaseous oxygen is signifi-
cantly consumed through noncatalytic reac-
tion with NH,. Both NH; and O,, however,
regulate the extent of carbon layer on the Pt
surface. Therefore, it seems that relatively
higher carbon coverages are maintained
when gaseous oxygen is used and CO is



262

slightly favored over H,O. This is evident
only at higher oxygen inlets where noncata-
lytic reactions are enhanced to a larger ex-
tent (3).

In summary, the present study showed
that the HCN synthesis can be carried out
in an oxygen ion conducting solid electro-
lyte cell with oxygen electrochemically in-
troduced into the reacting mixture. In the
present study the O?~ flux was limited by the
resistance of the solid electrolyte. Higher
fluxes can be attained by decreasing the
YSZ wall thickness (2). Hence, the con-
struction of thin-wall (40 wm) zirconia cells
will be a crucial forward step in the develop-
ment of a reactor that could combine advan-
tages of both the Andrussow and Degussa
processes.
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