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The kinetics of HCN synthesis from CH, and NH; were studied for pressures between 0.05 and
5.0 Torr and temperatures between 500 and 1500 K on a clean polycrystalline Pt foil using a
reaction chamber attached to an ultrahigh vacuum analysis chamber for contamination-free surface
characterization. Rates are fit accurately by a modified Langmuir-Hinshelwood mode] that as-
sumes surface carbon as both a reactant and a catalyst poison. Surfaces were cleaned in the
ultrahigh vacuum chamber as determined by Auger electron spectroscopy. Postreaction Auger
electron spectroscopy and temperature-programmed desorption analyses showed that the active
surface contained less than a monolayer of carbon, while a surface deactivated in excess CH,
contained multilayers of carbon. The rate and selectivity of HCN formation were slightly higher on
Pt than on Rh, and the inhibition by carbon was less strong on Pt. Ethylene addition strongly
poisoned the Pt surface by formation of carbon multilayers. Decomposition of CH, and C,H, on Pt

are also examined. © 1986 Academic Press. Inc.

INTRODUCTION

Hydrogen cyanide, an important chemi-
cal intermediate in nylon production, is pre-
pared by reaction of NH;, CH4, and O, over
Pt—10% Rh gauzes. Yields up to 70% can be
obtained industrially by reacting an approx-
imately 1:1: 1 mixture at 1400 K with a cat-
alyst contact time of ~10-3 sec. This high
temperature requires that surface cover-
ages of most species be very low, and the
short contact time requires that all rate pro-
cesses be very fast.

We have been studying the reactions in
this system over polycrystalline Pt and Rh
foils and wires in a reactor attached to an
ultrahigh vacuum (UHYV) system for sur-
face analysis before and after reaction. In a
previous paper (), we reported Kinetics
and surface compositions in the reactions

NH3 + CH4 — HCN + 3H2 (1)
and
2NH; — N, + 3H, 03]
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on clean polycrystalline Rh. We showed
that all rates over wide ranges of surface
temperatures, gas compositions, and pres-
sures could be fit semiquantitatively by
modified Langmuir—Hinshelwood (LH)
rate expressions

racN = kuen0(1 — 0c)"Pxu, 3)
4.5 x 10" exp(—1000/T)Pcy Pin,

(1 + 0.0367 exp(2500/T)Pcy,/Prus;)°
@)

and
Ny = kN2(1 - OC)HPNI‘Ig (5)
7.5 x 10" exp(—2130/T)Pyp;

T (1 + 0.0367 exp(2500/T)Peyy/ Piisy)*
()

where r is in molecules per square centi-
meter second and pressures are in Torr.
This mechanism implies that carbon
(coverage 6. blocks n NH; adsorption
sites. For Rh, we attained good agreement
with all rate data assuming n = 4. We also
showed that the carbon coverage measured
by Auger electron spectroscopy (AES) cor-
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relates with this mechanism because 6¢c < 1
if the reaction was run with Pcy, < Pngy,
while ¢ = 1 if Pcy, = Pny,. However, for
that system the carbon AES peak at ~270
eV overlaps Rh peaks so that it was possi-
ble to determine carbon coverages only
qualitatively.

In this paper we report kinetics and sur-
face coverages for the NH; + CH, reaction
on polycrystalline Pt. Our objectives are to
contrast rates on Pt and Rh and to deter-
mine accurately the coverages and charac-
teristics of carbon on the active and inac-
tive Pt catalyst.

EXPERIMENTAL

The experimental procedures for HCN
synthesis on platinum were identical to
those used for the study of rhodium (7).
Platinum foils were cleaned by heating to
1500 K in 1 x 10~7 Torr of oxygen until only
platinum and calcium peaks remained. This
procedure typically required approximately
30 min. Calcium (if present) was removed
by subsequent heating in 1 X 1072 Torr of
nitric oxide for 15 min at 1500 K followed
by heating in vacuo at 1700 K. The foil was
cycled through this process until only plati-
num peaks remained. The amount of cal-
cium and the number of cycies required to
remove it varied widely between different
foil samples. An AES spectrum of a clean
platinum surface is shown in Fig. 1.

The sample could be transferred from the
UHYV chamber to a steady-state flow reac-
tor while remaining under vacuum. Mag-
netically coupled transfer rods were used to
move the sample. Transfer and coupling to
electrical feedthroughs typically required
one minute or less to complete. The details
of the transfer process are described else-
where (7).

High purity gases were admitted into the
flow reactor at the desired partial pressures
through bakeable valves and lines with on-
line cryogenic and adsorbent purification.
The foil was heated resistively to the de-
sired temperature. Rates generally attained
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FiG. 1. AES spectra of a clean platinum foil and of
the same foil after exposure to various gases at 108-10?
L. Exposure to NH; produced less than 0.3 mono-
layers of carbon, and exposure to all other gases pro-
duced no measurable impurities.

steady-state values quickly, and no evi-
dence of hysteresis was noted. Because the
reaction is strongly endothermic (AH of re-
action 1 is +60 kcal/mole), multiple steady
states should not be possible, and none
were found. The rate of N, formation was
found to attain unique steady-state values
rapidly when Pcy, was less than Pyg,.
Steady-state rates were more difficult to ob-
tain in a large excess of CHs because of
transients (the time to steady state was typ-
ically 1 to 5 min). It is believed that this
transient behavior was due to carbon
slowly building to its steady-state coverage
on the platinum surface.

Most resuits were repeated on five foils
with a reproducibility of +=20%. Rates are
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based on the geometric area of the foil. The
scanning electron microscope (SEM) re-
vealed no evidence of pit formation or
facets on Pt after reaction in contrast to that
observed on Rh (1).

RESULTS
Ammonia Decomposition Kinetics

Ammonia decomposition on polycrystal-
line Pt was studied by Loffier and Schmidt
(2). They reported the following LH rate
expression found by fitting their data to a
model for unimolecular decomposition,

4.9 X 10" exp(—2130/T)Pyy,
™2 T T4 435 x 10°° exp(8400/T) Pxp
@)

where ry, is the rate of N, formation in mol-
ecules per square centimeter second and
Pyp, is in torricellis. The data for ammonia
decomposition were readily reproduced in
the present apparatus (now shown to be on
a clean Pt surface). Measured rates were
always within a factor of 2 of the above rate
expression on at least 10 different platinum
foils. The AES spectra following exposure
to ammonia at 300 and 1400 K are shown in
Fig. 1. These spectra show that after expo-
sure to 1 X 10° L of ammonia at 300 K,
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the surface after pumpdown contained a
monolayer of nitrogen (3) and that this ni-
trogen layer desorbs completely after flash-
ing in vacuo to 1000 K.

The rate of ammonia decomposition on
platinum is about one-half of the rate of am-
monia decomposition on rhodium. The ap-
parent activation energies are nearly identi-
cal on both metals. These findings also
agree with recent comparisons between Pt
and Rh by Papapolymerou and Schmidt (4).
Since Rh foils facet during reaction, these
results show that the rate of NH; decom-
position is essentially identical on both
metals.

HCN Synthesis Kinetics

Thermodynamic equilibrium in a 1:1 gas
mixture favors N, formation over HCN for-
mation at all temperatures below 1600 K.
The rate of NH; decomposition exceeds
10'® molecules/cm? sec at 1500 K in 1 Torr
ammonia. This reaction rate is high enough
to make the reaction of NH; with any other
species on platinum at 1500 K very unlikely
unless ammonia decomposition can be in-
hibited. The probability of an incident am-
monia molecule decomposing to N, and H,
is greater than 0.001 on platinum a 1500 K
and the coverage of ammonia at this tem-
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Fic. 2. Rates of HCN and N, formation versus platinum foil temperature for Pyy, = 0.5 Torr at the
methane pressures indicated. The solid curves connect the data points of a fixed methane pressure.
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F1G. 3. Rates of HCN and N, formation versus platinum foil temperature for Pnyy = 1.0 Torr at the

methane pressures indicated.

perature is estimated to be less than 1073
monolayers assuming a heat of adsorption
of 20 kcal/mole (5). The prospect of pro-
ducing HCN from methane and ammonia
on platinum thus seems poor when con-
fronted with both thermodynamic equilibria
and the rate of ammonia decomposition.
Figures 2 and 3 show the reaction rates
vs temperature for HCN and N, formation
on Pt at Py, = 0.500 and 1.00 Torr, respec-
tively. Solid lines are smooth curves drawn
to connect the data points. It is seen that
rgcn Shows no maximum versus tempera-
ture and that ry, has no maximum except

when a stoichiometric excess of methane is
present. It is seen that the rate of HCN pro-
duction is proportional to Pcy, for low
methane pressures and that rycy is inhibited
strongly by methane in a stoichiometric ex-
cess of methane.

Figure 4 shows rycx and ry, versus Pcy,
at 1450 K. It is seen that rycy is first order
in methane at low Pcy, and is inhibited by
methane at high Pcy, approximately as
Pciy,. Similarly, ry, is zero order in Py, at
low Pcy, and becomes inhibited as Pcj, at
high methane pressures.

It can also be seen that the reaction rate
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Fic. 4. Rates of HCN and N, formation on platinum at 1450 K versus Pcy, at the ammonia pressures
indicated. HCN production increases with Py, and goes through a maximum rate near a 1 : 1 reactant
ratio. The rate falls quickly in excess methane. Nitrogen formation is independent of Pey, atlow Pey,

and is inhibited strongly in excess methane.
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Fi1G. 5. Rates of HCN and N, formation on platinum at 1450 K versus Pyy, at methane pressures
indicated. rycy varies from third order to half order in Py, and ry, varies from first order to third order

in PNH;-

falls with increasing Pcy, when the surface
is at 1450 K. Therefore, it is argued that
homogeneous reactions are not significant
in the kinetics of HCN synthesis. If free
radicals desorbing from the surface induced
any gas phase chemistry then, because the
surface is still hot, there should be no rea-
son for rates to be inhibited by a slight ex-
cess of methane in the reactant mixture.

Figure 5 shows the ammonia depen-
dences of rucn and ry, at 1450 K. The rate
of HCN production is ~% order in ammonia
in excess Py, and increases to nearly third
order in excess methane; ry, is first order in
ammonia in the absence of methane and in-
creases to approximately third order in ex-
cess methane.

Surface Characterization

Figure 6 shows AES spectra of a clean
platinum surface and after heating in 108
L of methane at 1450 K. Heating in pure
methane produces a graphitic peak so large
that the major platinum peaks are almost
totally obscured. Heating a clean platinum
surface in a 2: 1 methane to ammonia mix-
ture (Fig. 7) produces a multilayer carbon
coverage, but the thickness of this layer,
estimated at ~15 A (6), does not obscure
the underlying platinum. There is also some
nitrogen present on this surface. Heating to
1450 K in a 10°-L exposure to 1:1 meth-
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Fi1G. 6. Auger spectra of a clean Pt foil and of the
same foil after exposure to 10° L methane at foil
temperatures indicated. The carbon line shape follow-
ing a 10%-L exposure at 300 K is indicative of carbi-
dic carbon.
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F16. 7. AES spectra of platinum foil after heating to
1450 K in mixtures of methane and ammonia as indi-
cated. It is seen that the carbon peak that is formed
can be quantitatively measured. Less than a mono-
layer of carbon is present on the active (2NH;: 1CHy)
surface.

ane and ammonia produces slightly more
than a monolayer of carbon and less than a
monolayer of nitrogen. This surface retains
a fraction of a monolayer of carbon after
flashing to 1000 K in vacuo. The 270-eV
carbon peak does not overlap with any plat-
inum peaks and therefore the carbon signal
can be measured more quantitatively than
on rhodium where peaks overlap.

It is possible to determine the nature of
adsorbed carbon from the line shape of the
carbon 270-eV peak (7). The carbon signal
from the adsorption of 108 L of methane
at 300 K (Fig. 1) is indicative of carbidic
carbon which is bonded to the metal surface
only and not to neighboring carbon atoms.
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The second type of carbon peak is seen
when 108 L of methane is exposed to
platinum at 1450 K (Fig. 6). This carbon
Auger line shape is characteristic of a gra-
phitic carbon that is bonded to neighboring
carbon atoms. Van Langeveld er al. (§)
have shown that the carbidic carbon form is
much more reactive than the graphitic car-
bon in forming methane in the CO-H; reac-
tion on platinum.

Figure 8 shows temperature-programmed
desorption (TPD) spectra from a platinum
foil after various exposures to methane and
ammonia. TPD spectra following exposures
of mixtures of gases to platinum at 1450 K
were obtained by letting the surface cool to
room temperature and then pumping out
the gases to ~1073 Torr prior to flashing
the surface. A 10°-L exposure to ammonia
resulted in a large N, peak. This result
agrees with AES spectra of Fig. 1 and also
with the data of Mummey and Schmidt (3)
who showed that this peak is a monolayer
of nitrogen as determined by calibration
against a saturation CO exposure. Our
results show that nitrogen coverages are re-
duced 90% by the presence of methane.
Therefore, nitrogen on the surface desorbs
preferentially as HCN and not as N, when
adsorbed CHj, is present on the surface.

The results also show that there is ap-
proximately a quarter monolayer of hydro-
gen present after exposure to 10° L of
ammonia and that the presence of methane
reduces the coverage of hydrogen. There is
no desorbing H, present at all following a
108-L exposure to methane at 300-1450
K. Hydrogen adsorption on platinum was
studied by McCabe and Schmidt (9, /10)
who found that H, desorbs between 200 and
400 K. No new states of adsorbed H, were
found after exposure to methane or ammo-
nia in any of the experiments reported here.

HCN desorbed at ~440 K in the TPD
experiments, but coverages were usually
much less than a CO monolayer. The nitro-
gen observed in the AES spectra of Fig. 7
desorbs mostly as HCN rather than as N, or
NH;. Hydrogen cyanide adsorption on plat-
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F16. 8. TPD spectra of N,, H;, and HCN following cooling and pumpdown after simulated reaction
conditions as indicated. Heating rates were roughly 50 K/sec. N, formation is inhibited by the presence

of methane.

inum has been studied by Bridge and Lam-
bert (11, 12). They found that HCN ad-
sorbed on platinum at 300 K at low
exposures desorbs as H,, HCN, and C,N,,
with H; and HCN desorbing at ~400 K and
cyanogen desorbing in two states at 873 and
930 K.

Figure 6 shows the Auger spectra of a
clean platinum surface and of the same sur-
face after heating in methane at various

temperatures. It is seen that a 103-L ex-
3

posure of methane at 300 K produces ~3
monolayer of carbon on the surface (cali-
brated against the C,y signal from a CO
monolayer). This carbon desorbs com-
pletely by heating in vacuo to the relatively
low temperature of 500 K.

When platinum is heated in the presence
of pure methane, a non-desorbing carbon
residue is formed which is stable to the
melting point of platinum. The surface of
the platinum foil was cleaned between each
spectrum shown in Fig. 6 so that the sur-
face was clean initially before each succes-
sive exposure to methane. It is seen that the
rate of carbon deposition is a strong func-
tion of the foil temperature.

Effect of Ethylene Addition

The addition of small amounts of ethyl-
ene to ammonia greatly inhibits the rate of
ammonia decomposition. In Fig. 9, the rate
of N, formation from 1 Torr ammonia and
the rate of HCN formation from 1 Torr of
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F1G. 9. Plots of ry, ad rycy versus Pc,y, at 1450 K.
The addition of 10% ethylene to the reactant stream
effectively poisons the platinum surface so that no re-
actions occur.
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both methane and ammonia at 1450 K vs
Pc,u, are plotted. It is seen that the addition
of 5% ethylene is enough to inhibit the rates
of HCN and N, production by an order of
magnitude. Adding 10% ethylene totally
quenches both reactions at 1450 K.

Surface graphite layers formed by heat-
ing in ethylene or methane at high tempera-
tures are difficult to remove by low pres-
sure O, treatment of the foil. Heating to
1500 K in 10~7 Torr of oxygen for 2 hr did
not measurably affect the amount of carbon
on the surface, although heating to 1500 K
in 0.1 Torr of oxygen removes this carbon
layer in 1-5 min. The ability of oxygen to
continuously clean the surface is probably
essential to the success of the commercial
Andrussow process. Unless the methane
feed in the Degussa process is totally free of
carbon-forming species such as ethylene,
propylene, butadiene, benzene, etc., the
catalyst surface should be very rapidly de-
activated by buildup of graphite.

Methane and Ethylene Decomposition

The rate of carbon deposition on plati-
num can be determined accurately by moni-
toring the total pressure in the reactor oper-
ated in the batch mode by charging to a
specified initial pressure of CH, or C,H,
and monitoring total and partial pressures
versus time (/3). Adsorption of 1073 Torr
on 1 cm? of surface corresponds to one
monolayer in a 0.5-liter chamber. The rate
of methane decomposition

CHy— C + 2H, ®)

is therefore easily determined and the cov-
erage of carbon can be estimated.

Figure 10 shows the pressure rise when
0.5 Torr of CHy, is exposed to platinum at
1400 K. Inttially the decomposition rate
was very high (>10!® molecules/cm? sec).
After several seconds, the rate slowed to
~5 X 10Y molecules/cm? sec and then
steadily decreased to a low value. Other in-
vestigators (14) have shown that after this
incubation period (approximately 30 min), a
rapid filamentous carbon growth regime is
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F1G. 10. Integral rate of both methane and ethylene
decomposition on Pt at 1450 K.

entered. The rate of ethylene decomposi-
tion is also shown in Fig. 10 and it is seen to
be ~3 of the integral rate of methane de-
composition, Ethylene probably poisons
the surface with graphite formation faster
than methane can build up a graphite layer.
In both cases, the reaction consumes less
than 10% of the reactants even after 30 min
at 1400 K. The results show that twice as
much CH,; decomposes on Pt after 20 min
than C,H,. Since CH,4 should deposit one-
half as much carbon as does C,H,, it is in-
ferred that the same coverage of carbon is
necessary in each case to deactivate the
surface.

Deuterium Exchange Reactions

In an attempt to determine the surface
activity of methane, the deuteration rate of
CH; on Pt was examined qualitatively.
Kemball (15, 16) et al. have reported deu-
teration exchange rates of CHy on Pt, Ni,
Rh, and Pd evaporated metal films, al-
though they did not calibrate rates because
areas of their films were not known.

The methane-D, exchange rate is shown
in Fig. 11. The mass 16 (CHy) and 17
(CH;D) signals were measured and the data
are plotted as (mass 16)/(mass 16 + mass
17) vs time. At 1450 K, the rate of exchange
is zero. This is undoubtedly because the
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F1G. 11. The rate of deuterium-hydrogen exchange
on Pt at both 1450 and 500 K. The data are plotted as
the ratio of the height of the mass 16 (CH,) peak and
the sum of the CH4 and mass 17 (CH;D) peaks versus
time. It is seen that at 1450 K, the rate of reaction is
too small to measure.

surface is poisoned by a graphite layer. At
500 K, the rate is exceedingly small (less
than 1 X 10" molecules/cm? sec) but mea-
surable. The rate of deuterium-hydrogen
exchange in ethylene is extremely difficult
to measure because of the complications
arising from the hydrogenation reaction.
This is a much studied reaction (17) which
proceeds to completion in a few minutes on
Pt at room temperature. The rate of this
reaction is greater than 10'® molecules/cm?
sec at 300 K. During HCN synthesis, when
the presence of adsorbed NH; helps to pre-
serve a clean Pt surface, the exchange rate
of methane-D, is probably much higher
than the rates measured here.

DISCUSSION
Kinetics

The rate of HCN synthesis on platinum
was modeled in the same manner as on rho-
dium. That is, the data were fit to expres-
sions of the form

kucnPou PR, ©
r =
BN (1 KPoy /Py
and
kn,Pnu
Ny : (10)

(1 + KPcu,/Piny)"
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where K = koo /Kayy, and n is the number
of sites that methane blocks.

The rate expressions found by fitting the
data to the model are

7.8 % 10" exp(—1950/T)Pcy,PRx;,
(1 + 0.044 exp(2390/T)Pcy,/PRuy)*
(11)

YHCN &

and
4.9 X 108 exp(—2130/T)Pyy,
n, = .
M 7 (1 + 0.044 exp(2390/T)Pcy/PRu,)’
(12)

Figures 12 and 13 show plots of the fits at
1450 K. All data are seen to be within a
factor of 3 of the model. It is seen that n
(the number of sites that each carbon atom
blocks) is 3 in the above rate expressions.

The activation energy for HCN synthesis
on platinum was found by the fit to the data
between 1100 and 1450 K. The activation
energy for HCN synthesis was found to be
4340 cal/mole (whereas on Rh the corre-
sponding value was 3500 cal/mole). The ac-
tivation energy for ammonia decomposition
was found to be 4520 cal/mole on Pt and
4580 cal/mole on Rh. These values show
that NH; decomposition energetics are al-
most identical for both metals, It is very
likely that the mechanism for reaction is
identical on both surfaces.

It is seen that the model correctly pre-
dicts the variable order dependences of
both methane and ammonia. The methane
dependence on rycy varies from first order
in methane at low Pcy, to negative third
order at high Pcy, (Fig. 12). Similarly, the
ammonia dependence on rycn varies from
half order at low Pnp, to third order at high
Pxu; (Fig. 13). In the absence of methane,
the model reduces to the rate expression for
ammonia decomposition.

Sudrez and Loffler (18) have reported the
rate of HCN synthesis on Pt wires at 1 atm
total pressure. Koberstein (/9) has re-
ported results from the operation of a bench
scale Degussa reactor using a Pt catalyst.
Our present data, when used to model the
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F1G. 12. Plots of rycy and ry, versus Pey, at 1450 K using the Langmuir-Hinshelwood model of Egs.
(11) and (12). The model is seen to be within a factor of 3 of the data points in Fig. 4.

atmospheric pressure process, agrees
within 10% to the data taken at 1 atm, for
temperatures between 1100 and 1500 K.

Surface Carbon

In Figure 14, The Cy;/Ptys4 ratio following
a 10%-L exposure to methane is plotted vs
foil temperature for data from Fig. 6. The
resulting curve is non-linear, and the up-
ward concave behavior is probably due
more to the Pt;;5 peak being attenuated than
to the growth of the Cy7y peak. The thick-
ness of the resulting carbon layers can be
estimated by the method of Powell (6) as
~15 A after heating to 1450 K in 10¢ L of

methane, but the uncertainty in his calcula-
tion is 50% because of the large attenuation
of the platinum peaks. This result shows
that methane adsorption is both activated
and irreversible at high temperatures.
Comparison of the TPD and AES data
gives information on the nature of the ac-
tive surface during HCN synthesis. The ac-
tive platinum surface is covered with
slightly less than a monolayer of carbon.
This carbon layer inhibits N, formation as
seen in the TPD spectra. Increasing meth-
ane concentrations produce multilayer car-
bon coverages which inhibit steady-state
rates of both reactions. Auger spectra taken
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Fic. 13. Plots of rycy and ry, versus Pyy, of the LH model of Egs. (11) and (12) at 1450 K. The

model agrees well with the data of Fig. 5.
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F1G. 14. Plot of the C,;4/Pty;3 Auger peak ratio fol-
lowing 10%-L exposures to methane versus Pt foil
temperature.

after the TPD spectra show that non-de-
sorbing carbon is present on the low activ-
ity platinum surface. The thickness of this
non-desorbing carbon layer increases with
increasing Pcy, at fixed Pxy,. The absence
of any desorbing methane or ammonia indi-
cates that the reactive intermediate species
are most probably atomic nitrogen and car-
bon. Because submonolayer amounts of
carbon can be measured accurately, we es-
timate from the AES spectra of Fig. 7 that
there is ~% monolayer of carbon present
following HCN synthesis in equimolar
methane : ammonia, and ~§ monolayer car-
bon after 2NH;: 1ICH, HCN syathesis.
There are ~2.5 monolayers of carbon fol-
lowing a 10%-L exposure to INH;:2CH,
at 1450 K.

Even in the case of excess methane,
there is only a monolayer of non-desorbing
carbon on the surface. After exposure to
reactant mixtures containing an excess of
ammonia, the surface has less than a mono-
layer of carbon after flashing in vacuo.
Thus, HCN synthesis is possible because
adsorbed NH; is able to prevent the large
carbon accumulations at elevated tempera-
tures shown in Fig. 14,

The theoretical values of the surface car-
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bon coverage during reaction can be pre-
dicted by the following equation which is a
result of the model for the kinetics (1),

_ KPcy,/PRu,
1+ KPCH“/P}?H;

In Figure 15, the C,7/Ptys peak ratio fol-
fowing heating in 10° L methane—ammo-
nia mixtures is plotted against mole fraction
(X) of methane. The solid curve is the value
for 8¢ predicted by Eq. (13). One mono-
layer of carbon is taken to be twice the
amount of carbon present after a saturation
exposure to CO at 300 K. It can be seen
that the model successfully predicts carbon
coverages in the ammonia excess regime.
The theoretical values deviate from the
experimental values in the methane excess
regime becaue the model is strictly a mono-
layer model and it will never predict §c > 1.

bc 13

Comparison with Rhodium

Figure 16 shows rycn versus Pcy, at 1450
K on both platinum and rhodium. It is seen
that the two rates have similar magnitudes

10.0 j‘
= a3

~

o8

experiment
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C270 g
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Fi1G. 15. Plot of the C/Pt Auger peak ratios versus
mole fraction methane after heating a Pt foil in HCN
synthesis conditions to 1450 K. The data are compared
with the theoretical curve of Eq. (13) for the amount of
carbon on the surface during reaction.
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F1G. 16. The rates of HCN formation versus Py, at 1450 K for both platinum (dashed lines) and
rhodium (solid lines) are presented. It is seen that the two rates are nearly indistinguishable with the
maximum rate on platinum being slightly greater than on rhodium. The data are presented in the left
panel and the corresponding fits to the data using the Langmuir-Hinshelwood expressions of Egs. (4)

and (11) are presented in the right panel.

and pressure dependences with the maxi-
mum rate on platinum being slightly higher
than on rhodium. Ammonia decomposition
on rhodium is slightly faster than on plati-
num, but HCN synthesis is slightly faster
on platinum. The activities of the two
metals are within a factor.of 2 at all temper-
atures in this pressure range. This is not
surprising considering that the reaction
takes place at 1450 K where surface adsor-
bate lifetimes are exceedingly short. Any
incident molecule that does not immedi-
ately desorb must decompose and therefore
transform into a product species. Surface
morphology may account for the factor of 2
difference in rates between ammonia de-
composition on Pt and Rh since faceting pro-
duces a rhodium surface area increase by a
factor of ~2 whereas platinum does not
facet significantly during these reactions.
The major difference between the two
metals is the number of sites that methane
blocks. On platinum, » was determined to
be 3, whereas on rhodium, n was 4 (a better
fit for Rh would in fact be obtained with n >
4). This difference in CH, inhibition allows
for a greater yield of HCN on platinum by
using a reactant mixture richer in methane.
These results therefore predict a better se-

lectivity to HCN on platinum than on rho-
dium.

Comparison of TPD and AES spectra of
the two metals shows that carbon forms
more readily on Rh and more HCN desorbs
(ratio of 3:1) from platinum following
cooling and pumpdown after a 10°-L ex-
posure to a 1:1 mixture of methane and
ammonia at a surface temperature of 1450
K. Nitrogen on Rh desorbs mainly as N,
whereas HCN is the main nitrogen-con-
taining desorption product on platinum.
Rhodium also produces an AES carbon
spectrum characteristic of graphite in
methane—ammonia mixtures whereas on
platinum the carbon spectrum is character-
istic of carbide or a hydrocarbon layer.
These results are all consistent with the fact
that platinum is a better catalyst for HCN
synthesis.

In determining which catalyst would be
best suited for an actual HCN converter,
both selectivity and activity need to be con-
sidered. We find that the activity on both
metals is nearly identical and the selectivity
to HCN then becomes the deciding issue.
Because platinum has a better activity in
the near stoichiometric reactant regime, it
should give a better selectivity to HCN.
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Therefore, platinum appears to be the cata-
lyst of choice for HCN synthesis. Modeling
studies on Pt and Rh using these kinetics
will be reported in a later paper.

SUMMARY

The kinetics of the HCN synthesis reac-
tion and the accompanying ammonia de-
composition reaction were determined ex-
perimentally and could be fit quantitatively
to a modified Langmuir-Hinshelwood rate
expression. The same form of rate expres-
sion developed for HCN synthesis on rho-
dium fits the data for platinum with the only
difference between Pt and Rh being that ex-
cess methane inhibits reaction rates on rho-
dium more than on platinum.

The mechanism of reaction that is most
reasonable is also very simple. Incident re-
actant molecules that do not immediately
desorb must instead decompose rapidly on
the hot platinum surface. Simple molecules
such as N, and H, are formed and rapidly
desorb. A carbon layer formed from meth-
ane decomposition inhibits the rate of am-
monia adsorption. This same carbon layer
which poisons the surface by inhibiting am-
monia decomposition reacts with surface
nitrogen to form HCN. Thus, surface car-
bon both promotes HCN formation and in-
hibits N, formation. By regulating the cov-
erage of this carbon layer by either
adjusting the reactant mixture or including
oxidizing reactants or by adding surface
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promoters, the conditions for HCN synthe-
sis may be optimized. These procedures
will be described in a later paper.
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