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A reaction chamber attached to a UHV surface analysis system is used to study kinetics of HCN
synthesis on polycrystalline Rh for temperatures between S00 and 1600 K with CH, and NH;
pressures between 0.05 and 10 Torr. AES is used to show that the surface is clean before reaction,
and AES and TPD are used to examine surface residues after reaction. The rate of HCN production
attains a maximum near a 1:1 reactant mixture, and exceeds 10" molecules/cm? sec at high
temperatures. The selectivity (fraction of NH; reacting to form HCN) is greater than 90% at high
temperatures at a total pressure of 1 Torr. The rate of HCN production is proportional to Pcy,, and
N, formation is strongly inhibited by CH,. Examination of rhodium foils by SEM after reaction
shows that the surface is faceted into predominantly (100) planes, and grain boundaries are pitted.
Reaction is shown to occur by NH; or its fragments reacting with surface carbon layers because
approximately one monolayer of carbon is found on the reactive surface while multilayers of
carbon create a totally unreactive surface. This carbon also explains why the NH; decomposition
reaction is suppressed compared to that on clean Rh. A model in which surface carbon is a reactant
which also blocks reaction sites is shown to give a quantitative fit to rates of HCN and N,
production. The high reaction probability of CH, (~10-2) is surprising because of its low surface
reactivity on Rh. It is argued that the surface reaction between NH; and CH, fragments is the major
reaction under industrial HCN synthesis conditions and that no homogeneous processes are neces-
sary to explain high yields of HCN. © 1985 Academic Press, Inc.

INTRODUCTION AG, is favorable at high temperature, the

reaction is endothermic by 60 kcal per
mole. Reactions yielding HCN are in com-
petition with NH; decomposition

2NH3 had N2 + 3H2, (3)
and in O, with
4NH3 + 302 d 2N2 + 6H20, (4)

Hydrogen cyanide is prepared industri-
ally by reacting CH, with NHj in the De-
gussa process (/, 2)

CH, + NH; —» HCN + 3H, 40

or by adding O, in the Andrussow process
(3-7)
CH4 + NH3 + 202 e HCN + 3H20 (2)

The Degussa process takes place at ~1500
K with ~90% yield to HCN by reaction on

and
CH, + 30, — CO + 2H,0 &)

which have hearts of reaction of 11.0,

platinum on tube-wall reactors, while the
Andrussow reaction gives 60-70% yield at
~1400 K at atmospheric pressure in an O,-
deficient mixture over a Pt—10% Rh gauze
catalyst with a contact time of much less
than 1 sec.

Reaction (1) is remarkable because, while
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—75.7, and —129.9 kcal per mole of NH; or
CH,. Negligible amounts of CO, are pro-
duced in the Andrussow process because it
is run oxygen-deficient.

Figure 1 shows a plot of equilibrium con-
stants versus 1/7 for these and related reac-
tions. It is seen that, while combustion re-
actions have very favorable equilibrium
conversions at all temperatures, HCN syn-
thesis from NH; and CH, has K4 < 1 below
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FiG. 1. Equilibrium constants for reactions of NH;,
CH,, and O,, calculated for standard states at 1 atm.
All reactions are based on 1 mole of ammonia or 1
mole of methane. The HCN synthesis reaction is seen
to be favored (K., > 1) only above 1000 K and to
always be in competition with the thermodynamically
favored ammonia and methane decomposition reac-
tions.

1000 K. Also, NH; decomposition and CH,
CH4 - C+ 2H2 (6)

both have more favorable equilibrium con-
stants below 1700 K than does the HCN
reaction.

NH; decomposition and oxidation are
very fast, so that N, formation should com-
pete strongly with HCN formation. Oxygen
is added in the Andrussow process as a heat
source. Reactions (4) or (5) provide suffi-
cient exothermicity to maintain the catalyst
temperature, and all oxygen is consumed
on the first few gauze layers.

Saturated hydrocarbons and especially
CH, are quite unreactive on noble metal
surfaces (8, 9) (sticking probability of 2 X
10~4 at 1400 K), and this makes their reac-
tion with NH; seem unlikely. At the high
temperatures of the HCN converter, homo-
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geneous reaction steps may be expected,
and the surface may provide free-radical
initiators for homogeneous chain reactions
which ultimately produce HCN.

This study was undertaken to determine
the kinetics of the surface reactions in this
system on clean rhodium and platinum.
Pressures between 0.1 and 10 Torr are used
to eliminate homogeneous reactions be-
cause at these pressures gases are at 300 K,
and wall collisions should efficiently re-
move the free radicals and other excited
species necessary for homogeneous reac-
tion.

This paper will be concerned with the
NH; and CHj, reactions on clean polycrys-
talline rhodium. In a later paper (10) we
shall consider these reactions on platinum
and Pt-Rh alloys, the formation of carbon
from different hydrocarbons, and the effect
of adding O, to CH,~NH; mixtures.

EXPERIMENTAL

A reaction chamber was constructed us-
ing 1.5-in. stainless-steel crosses with gold-
plated copper gaskets. The reaction cham-
ber was attached through a gate valve to an
ion and sublimation-pumped UHV analysis
system containing AES and a mass spec-
trometer for surface analysis. The reaction
chamber could be pumped to less than 10-°
Torr using the analysis system or, with the
gate valve closed, to less than 1078 Torr
using a turbomolecular pump.

As sketched in Fig. 2, the sample, a high-
purity 0.0025-cm-thick rhodium foil 2-cm
long and 0.4-cm wide, was mounted on a
stainless-steel plug which had four insu-
lated molybdenum pins for resistive heating
and temperature measurement using a Pt—
Pt 13% Rh thermocouple spot-welded to
the center of the foil. The plug could be
attached to UHV feedthroughs in the reac-
tor and in the analysis system. The plug
was moved between these positions using
two magnetically driven linear-rotary mo-
tion rods (Huntington) each capable of 12-
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Foil

FI1G. 2. Schematic diagram of system to transfer
samples between analysis chamber and reaction cham-
ber. The Rh foil is mounted on a plug with leads for
resistive heating and temperature measurement. The
sample is connected to heating leads in reactor and
analysis chamber and is translated between chambers
by magnetically coupled rods which screw into tapped
holes in the side of the plug. The closed circles in the
schematic denote electrical feedthrough sockets.

in. displacements and 360-degree rotation.
For transfer between chambers, the rod
was screwed into tapped holes in the plug,
the feedthrough was pulled back, the sam-
ple was translated to the other rod, and
then attached to the other feedthrough and
the rod was unscrewed. Translation be-
tween feedthroughs required less than 1
min if pumpdown was not required. Sam-
ples could be introduced into the system
without breaking vacuum through another
1.5-in. cross which served as a pressure in-
terlock.

Rhodium foils were cleaned by heating
above 1600 K in O, or NO at ~10~7 Torr for
several hours until all carbon and boron
were removed as shown by AES (see Fig.
3). Temperatures are regarded as accurate
to =50 K. The temperature was estimated
to vary by less than 100 K between the ends
and the center of the foil. Electron bom-
bardment heating could also be used by re-
placing the thermocouple with a tungsten
filament. Samples in the analysis chamber
could be cooled to 80 K by cooling the feed-
through with liquid N,.

An elaborate gas handling and purifica-
tion system was constructed from stainless-
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steel tubing with bellows-sealed valves for
introduction of CH,, NH;, H,, NO, O,, and
CO into the reactor or the analysis cham-
ber. Pressures between 1072 and 10 Torr in
the reactor were measured with a capaci-
tance manometer, and partial pressures
were measured by leaking gas from the re-
actor back into the analysis system at ~5 X
108 Torr.

Gases were purified by passing through
cold, activated charcoal, and molecular
sieve traps (I1I). All lines and traps were
baked repeatedly until gases could be ad-
mitted without contamination of the sur-
face. After purification, the clean Rh sam-
ple could be exposed to 108 L (Langmuir = 1
Torr for 100 sec) of NH; or CHy without
producing more than a fraction of a mono-

Clean Rh
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Fi1G. 3. AES spectra of Rh after cleaning and after
exposure to gases at conditions indicated. Multilayers
of carbon (270 €V) are produced by high-temperature
C,H, exposures, while only a monolayer or less of
nitrogen (380 eV) is produced by NH; exposure at any
temperature.
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layer of carbon as indicated by AES spectra
of Fig. 3.

Carbon and nitrogen coverages were cali-
brated against CO and NO monolayers
(12), each assumed to be ~7 x 104 atoms/
cm?, Exposure of 100 or 10® L of CO pro-
duced essentially identical AES and TPD
spectra with no residual carbon contamina-
tion. AES analysis of carbon on rhodium is
difficult because of overlap of the 270-eV
carbon peak with several Rh peaks, al-
though, as shown in Fig. 3, a monolayer of
CO is easily detectable, and multilayer cov-
erages can be monitored accurately.

Reaction rates were determined using the
mixed reactor mass balance

VN AP;

"' T RT AT

@)

where A is the catalyst area, N, is Avoga-
dro’s constant, 7 and V are the system resi-
dence time and volume, respectively. The
residence time, determined by measuring
the rate of pressure decrease from gas res-
ervoirs of known volume, was adjusted be-
tween 0.1 and 50 sec to obtain a conversion
of the limiting reactant of 2—-20%.

Pressures of NH; and HCN are particu-
larly troublesome to measure accurately be-
cause both gases adsorb strongly on the
walls of the reactor and HCN polymerizes
readily. The reactor walls and valves were
heated continuously to ~370 K to reduce
pumpdown time and prevent these species
from freezing in valve orifices. With cali-
bration of mass spectrometer sensitivities
of all gases, use of reaction stoichiometries,
and correlation with capacitance manome-
ter measurement (an absolute total pressure
calibration), we believe that measured rates
are accurate to within =20%.

Rates attained steady state within 15 sec
after a temperature was established for all
temperatures above 600 K at any pressures
above 0.1 Torr. Apparent transients occur
if NH; and HCN pumping characteristics
are not properly accounted for. All rates
shown were stable for many hours, and
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results were duplicated on four different
rhodium foils,

RESULTS
NH; Decomposition

Figure 4 shows a plot of the rate of N,
production, ry,, versus Rh foil temperature
in pure NH; at pressures between 0.05 and
4.0 Torr. Conversions were kept below
20% so that no H; or N, product inhibition
should have occurred. Surfaces were exam-
ined after reaction by AES and shown to
contain only a fraction of a monolayer of
nitrogen.

The rate was fit to a unimolecular
Langmuir-Hinshelwood (LH) rate expres-
sion

keKxuyPr,
™2 = TF KnnyPra;

®)

which yielded a rate expression

7.5 X 10" exp(—2130/T)Py,
™2 = T572.5 x 1075 exp(7000/T)Pyg,
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Fi1G. 4. Plot of ry, versus Rh foil temperature in pure
NHj at pressures indicated. The rate goes from zeroth
order to first order as temperature is increased. The
solid curves are from a fit to LH kinetics for a unimole-
cular reaction, Egs. (8) and (9). All data points are
seen to be within +10% of the calculated curves.
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with ry, in molecules/cm? sec and Py, in
Torr. Solid curves were calculated using
this rate expression, and it is seen that all
data points are within a factor of two of the
Langmuir-Hinshelwood rate expression
with rg varying by ~103,

Ammonia decomposition on polycrystal-
line Pt was studied by Loffler and Schmidt
(13). On Rh, the reaction has been studied
by Logan and Kemball (14) on evaporated
films and by Vavere and Hansen on single
crystals over a limited temperature range
(13). The rate we measured on Rh is higher
than that of Hansen and Vavere and we ob-
served precise first-order kinetics at high
temperatures while they reported half or-
der. We believe that previous results on Rh
are inaccurate or surfaces were contami-
nated because neither the order of the reac-
tion nor the rates agree with those expected
and observed here on a surface known to be
clean.

The rate of NH; decomposition ap-
proaches 10" molecules/cm? sec at 1400 K
which represents a reaction probability
(fraction of incident NH; flux decomposing
to N, and H,) of 0.002. Thus, NH; decom-
position is sufficiently fast that HCN should
only be found in significant amounts if its
rate is greater than that of ry, in pure NH;
or if the presence of CH, decreases ry;,.
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Fi1G. 5. Plots of rycy and ry, versus Rh foil tempera-
ture for Pyy, = 0.25 Torr at CH, pressures indicated.
Rates are obtained using Eq. (6) with conversions less
than 20%. Solid curves are drawn through sets of data
at a fixed gas composition.
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F16. 6. Plots of rycy and ry, versus Rh foil tempera-
tures for Pyy; = 1.0 Torr at methane pressures indi-
cated.

HCN Synthesis

Figures 5 and 6 show typical plots of rgcen
and ry, versus Rh foil temperature for fixed
Py, = 0.25 and 1.0 Torr, respectively. Val-
ues of Pcy, are indicated in the figures.
Data were obtained by establishing fixed
pressures and varying the foil temperature.
Steady states were established within 15
sec, and rates at a given temperature were
always identical when approached from
lower and higher temperatures. The mini-
mum detectable rate, limited by the lowest
detectable partial pressure changes, was
approximately 5 X 10! molecules/cm? sec.
In excess CH,, the rates decrease approxi-
mately as Pcfi,, and these rates are there-
fore very sensitive to slight pressure
changes.

Comparable sets of rates versus tempera-
ture were obtained at Py, = 0.1, 0.5, 2.0,
and 4.0 Torr, with all curves having the
same general shape as those shown in Figs.
5 and 6: rycn first increases with Pcy, and
then decreases while ry, decreases mono-
tonically with Pcy,.

Figure 7 shows plots of rycy and ry, ver-
sus Pcy,, while Fig. 8 shows plots of rgen
and ry, versus Pyy, for a Rh temperature of
1450 K. These curves were obtained from
rate versus temperature curves similar to
Figs. 5 and 6 by extrapolating between mea-
sured rates near this temperature.

It is seen from Fig. 7 that rycy is propor-
tional to Pcy, in excess NHj3 while rycy is
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F1G. 7. Plots of rycy and ry, versus Py, at 1450 K for NH; pressures indicated. The rycy increases
with Py, and then decreases steeply, while ry, is initially constant and then decreases steeply with

PCH4'

strongly inhibited by CH, in excess CH,.
Figure 8 shows that rycy is proportional to
Pyp, in excess NH; and to a higher power
of Py, in excess CHa.

The curve in Fig. 8b with Pcy, = 0 is
identical to the data from Fig. 4 at 1450 K as
expected. These results show that CH,
strongly inhibits NH; decomposition to N,
even at 1450 K. The order of ry, increases
from first order to approximately third or-
der when CH, is present, and the rate de-
creases by several orders of magnitude.
Figure 7b shows that, for large Pcyy, v, 15
inhibited as approximately fourth order in

Pcy,-

Surface Coverages

Figure 9 shows AES spectra of the Rh
foil after exposure to CH, and NH; at 1
Torr at 300 and at 1400 K. All surfaces were
cooled to 300 K before gases were pumped
out. Rapid attainment of steady-state reac-
tion rates suggests that coverages attained
steady state quickly, and we find that AES
spectra are nominally independent of the
time of exposure to gases at high pressure.

Heating in C,H, always produced a car-
bon layer so thick that no Rh peaks are visi-
ble (>30 A). At 300 K, 10® L of CH, pro-
duces approximately one monolayer of car-
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FiG. 8. Plots of rucy and ry, versus Pyy, at 1450 K for methane pressures indicated.
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F1G. 9. AES spectra of Rh foil after heating in meth-
ane and ammonia at exposures indicated at 1400 K.
The reactive surface (1:2 CH,: NH;) contains less
than one monolayer of carbon or nitrogen while the
unreactive surface (2:1 CH,: NH;) contains a multi-
layer of carbon.

bon (comparable to the carbon peak from
CO saturation). Heating to 1400 K in CH,
produces a large carbon signal, but the ma-
jor Rh peak is still evident. We estimate this
carbon thickness to be ~15 A (16). Other
experiments in which the carbon coverage
was determined by measuring CH, pumping
in a batch configuration confirm that multi-
layer coverages of carbon form very slowly
by CH, decomposition.

While nitrogen could be easily detected
following high exposures to NHj, its cover-
age was never more than one monolayer.
Heating this surface above 1000 K reduced
the nitrogen signal to much less than a
monolayer, but the last traces of nitrogen
could only be removed by extensive heating
above 1600 K. We believe that this stable
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nitrogen is a bulk nitride which appears to
have a negligible effect on reaction kinetics.

Low coverage exposure (<1000 L) to
NH; produced much less than a monolayer
of nitrogen (calibrated against low-pressure
saturation of NO) at 300 K, while large ex-
posures to (>107 L) NH; produced ~1
monolayer of nitrogen. Negligible carbon
was deposited on the surface by these treat-
ments. Exposure to CH,~NH; mixtures
produced nominally one monolayer of ni-
trogen and carbon in excess NH;. Note that
the amount of nitrogen produced by these
conditions is considerably less than that
produced by exposure to NH; alone.

In excess CHy (a 2:1 CH,:NH; mix-
ture), a multilayer of carbon is formed with
an AES spectrum indistinguishable from
that obtained after heating in pure CH,.

TPD spectra of adsorbed methane, am-
monia, and coadsorbed CH,~NH; mixtures
are shown in Fig. 10. Mass 27(HCN),
28(N,), and 2(H,) spectra are shown with
coverages calibrated against a CO mass-28
monolayer and a H, mass-2 monolayer ob-
tained by saturation in H, at 100 L (/7).

Methane does not adsorb appreciably on
Rh at 300 K in that both AES and TPD
show essentially clean surfaces after expo-
sure to 108 L CH,. At elevated tempera-
tures, CH, forms a carbon multilayer, and
TPD spectra show no desorption of CH,
and only a trace amount of H,. Methane
adsorption at high temperature is therefore
dissociative and irreversible. The AES line
shape shows a graphitic residue as does
C,H, (Figs. 3 and 9) (18).

Ammonia also does not desorb as NH;
from Rh following a § X 10’ L. NH; expo-
sure at 300 K. High exposure to ammonia
produces dissociation and the resulting
TPD spectrum shows approximately a N,
monolayer with less than 0.01 monolayer of
H,. Similar results were noted by Mummey
and Schmidt for 10° L exposures of NH; on
Pt (11).

Coadsorption of methane and ammonia
at the HCN synthesis temperature of 1400
K causes a marked change in the mass-28
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FiG. 10. TPD spectra of N,, H,, and HCN following reaction at conditions indicated. High exposures
to NH; to produce approximately a CO monolayer density of N, except in excess methane. Very little
H, or HCN are desorbed from the reactive surface. Note that all experiments involve cooling to 300 K
before pumpdown for TPD. Heating rates were approximately 50 K/sec. Ratios of gases are indicated
as methane : ammonia. All spectra are on a surface at 300 K unless otherwise indicated.

TPD spectra. In excess NH;, TPD shows
that the high-temperature state of N, is de-
pleted, while the low-temperature state re-
mains unaffected. As the CH,—NHj; ratio is
increased, the coverage of nitrogen is re-
duced proportionally and AES of these sur-
faces shows carbon multilayer formation.

The coverage of H, is small after high
exposures to methane or ammonia. We at-
tribute the H, desorption peak (~% mono-
layer) after a 108 L exposure to a mixture of
methane in excess ammonia to gases ad-
sorbed upon cooling and pumpdown.

The mass-27 (HCN) signal is always less
than § of a CO monolayer. HCN desorbs
readily after it is formed at high tempera-
tures.

Thus, TPD of the Rh surface following
HCN synthesis shows that (1) no carbon-
containing residues desorb under any con-
ditions, (2) little hydrogen is present, (3) in
excess CH, carbon effectively blocks ad-
sorption of other species, and (4) a signifi-
cant amount (~% monolayer) of HCN de-
sorbs from the active surface. It should of
course be noted that various species can
adsorb upon cooling in gases. However, the
absence of species strongly suggests their

absence under reaction conditions. These
results are in good agreement with AES and
kinetic results and give further support to
the importance of surface carbon in the
process.

Surface Structure

Rhodium lost its mirror appearance after
a few hours of heating in reacting gases at
high pressures. Figure 11 shows SEM mi-
crographs of a Rh foil after reaction for
many hours. The region shown was near
the center, but all regions appeared essen-
tially identical except that faceting was less
pronounced near the cooler ends of the foil.

It is seen that grain boundaries are
clearly outlined by pitting. The average
grain size is ~15 um, and pit diameters are
~5000 A. Pits occur in regular arrays along
most grain boundaries, although some
boundaries have few or no pits and some
are opened into grooves. The pitting pro-
cess is evidently specific to particular grain
crystallography.

Most grain faces are faceted. These
facets are generally of one type and have a
specific periodicity (~1.25 um between
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Fi1G. 11. SEM micrographs of a Rh foil after use in the CH, + NH; reaction. Grain boundaries are
extensively pitted and many grain faces are faceted to form predominantly (100) facets.

facets) on each grain. A few grains remain
smooth. Examination of facets on many
grains shows that most facets are approxi-
mately 90 degrees from each other. From
this we infer that the faceted surface con-
sists predominantly of (100) crystal planes.
Faceting is presumably associated with a
reduced surface free energy of certain crys-
tallographic orientations (evidently (100)).
For example, if carbon formed preferen-
tially on (100), this could stabilize this plane
sufficiently to produce predominantly this
orientation.

Catalytic etching of platinum and rho-

dium has been studied extensively in this
and other laboratories (19). Etching is usu-
ally most rapid in atmospheres containing
O, because both faceting and pitting can oc-
cur by formation of volatile oxides. In the
present situation, surface diffusion is the
only mechanism of etching because no O, is
present.. The reaction is also strongly endo-
thermic so that hot spots from reaction heat
cannot accelerate etching.

Pit formation appears to be greater on
rhodium than on platinum or other noble
metals. This is probably associated with
some type of species at grain boundaries
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(e.g., carbon or nitrogen) which promotes
this mode of attack.

DISCUSSION

To summarize these results, rates are
found to attain unique and reproducible
steady states with the following depen-
dences on Pcy, and Pyy,:

ruen * Py P R, (10)
and
Ny © Pgy (11
in excess NH; and
rucn * Pcii Priss (12)
and
Ny < PGt PRa, (13)

in excess CHy. These dependences come
from asymptotic slopes of Figs. 7 and 8 at
1450 K. Essentially identical pressure plots
were obtained at 1100 K, and we conclude
that these pressure dependences are valid
for any temperature above 900 K.

AES and TPD of surfaces giving these
kinetics showed that 6c = 1 and 65 < 1 in
excess ammonia and 6 = 1 and 65 < 1 in
excess CH,. It is clear from the correlation
of kinetics and surface characterization that
the reactive surface (excess NH;) contains
less than one monolayer of either carbon or
nitrogen and that the unreactive surface
(excess CHy4) contains a muitilayer of car-
bon.

In the following sections we shall con-
sider possible surface and kinetic models
which are consistent with these results.

Reaction Rates

We assume first that the rates of HCN
formation can be written as

(14

implying that a carbon-containing species
must combine with a nitrogen-containing
species to form the CN bond which leads to
HCN. These species should be partially or
totally dehydrogenated and be written as

racn = kOcOw,
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CH,, and NH,, although several partially
dehydrogenated species may exist.

The corresponding expression for N, for-
mation should be

N, = KBy or k6% (15)

in that this rate could involve unimolecular
or bimolecular limiting steps.

Since the temperatures of interest are
above 1000 K, very few species can exist
on the surface at reaction temperatures. We
shall use Langmuir (one-state) models of
the coverages and processes in discussing
results. While there should be crystallo-
graphic and binding state averaging on po-
lycrystalline Rh, these effects almost al-
ways produce averages which are
insensitive to details of the adsorption
states and processes (i.e., averages are ap-
proximately linear). It is easy to estimate
coverages assuming a Langmuir isotherm,
0; = k;P/(1 + k:P;) with the equilibrium con-
stant given by

k; = ko exp(AH/RT)
_ So AH,
~ Ra@aMRT,0s *P {77} 19

If the initial sticking coefficient S is 1 and
the desorption preexponential factor kqyq is
103 sec™!, the steady-state coverage is less
than 10~2 monolayers at 1000 K for any spe-
cies whose heat of adsorption is less than 25
kcal/mole. Measured heats of adsorption of
gaseous species on Pt are Exy, = 17 kcal/
mole, Exn, ~ 25 kcal/mole, Ey, = 25 kcal/
mole, and Ecy, =< 10 kcal/mole. In clean
surface experiments on Pt, nitrogen atoms
desorb as N, with this heat of adsorption
although N, cannot be adsorbed (20, 21),
and NH; desorbs with little decomposition
at low pressures (22). Bridge and Lambert
(23, 24) report that HCN adsorbs disso-
ciatively on Pt(110), and Netzer et al. (25,
26) report that CN is the stable species fol-
lowing cyanogen exposures to Pt(100). On
rhodium, CH; has not been observed to
chemisorb (8, 9), H, adsorbs dissociatively
(17), and CH;NC adsorbs nondissociatively
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at 120 K, but decomposes to hydrogen, ni-
trogen, and HCN above room temperature
(27, 28). While properties of these species
could deviate from those observed in clean-
surface experiments at low pressure and
temperature, these estimates should yield
accurate upper bounds on coverages.

Many fragments which do not exist as
stable gas molecules such as CH,, NH,, and
CN could exist on the surface at high con-
centrations. An upper bound on the cover-
age of such species can be obtained by esti-
mating their adsorption lifetimes 7; from the
expression

7 = kg' = kao, exp {—RA—TH} 0, 17)
where the desorption activation energy is
assumed to be equal to the heat of adsorp-
tion. For kg = 10'3 sec™!, we obtain adsorp-
tion lifetimes of 1077 to 10°8 sec if £y = 25
kcal/mole and 1073 to 1077 sec if Eg = 50
kcal/mole. Thus, any species with a heat of
adsorption (to any product) less than these
values should have these lifetimes for uni-
molecular desorption.

We therefore assume that very few spe-
cies can have coverages and adsorption
lifetimes required to attain sufficient cover-
age to block surface sites. The only likely
candidates are CH, and NH,. Decomposi-
tion of adsorbed ammonia, NH; — NH, +
H—- NH + H— N + H, appears to be
guite rapid, and, while each of these spe-
cies has been identified on Pt at lower tem-
peratures and pressures, we do not believe
that any of these species is sufficiently sta-
ble to prevent complete dissociation and
desorption as N, and H; (29). Methane de-
composition, CH;— CH; + H—»> CH; + H
— CH + H— C + H, does not yield gas-
eous paths for carbon desorption except as
CH,, HCN, and C;N,. We believe that car-
bon diffusion in Rh is rapid at high tempera-
tures so that the carbon concentration in
the bulk metal reaches steady state rapidly
(30). Also, from attempts to clean carbon
from Rh, it is known to be stable to the
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melting point in the absence of oxidizing
gases.

Thus, one could write the rate steps in
these reactions as

CH, — CH,,
NH;, — NH,,_

CH, + NH,-HCN + (x + y - )2 H,
2NH, — N, + yH,. (18)

In this sequence all species on the right-
hand sides of the equations, except CH,
and NH,, are assumed to be formed irre-
versibly and desorb quickly.

It is straightforward to write surface spe-
cies mass balance equations for assumed x
and y and to solve these equations to find
rucn (Pnmys Pcny) and v, (Pams, Pony)-
However, the expressions for the 8’s are
invariably polynomials with a large number
of unknown coefficients. Such expressions
can only be fit numerically to experimental
data.

Therefore, we shall examine several sim-
plified models of the processes in order to
obtain expressions from which the pressure
and temperature dependences can easily be
extracted. If we assume that CH, and NH;
adsorb reversibly to some form of carbon
and nitrogen species ¢ and 8y, it is simple
to write expressions for carbon and nitro-
gen. (We shall write these coverages to des-
ignate unspecified partially hydrogenated
species containing carbon and nitrogen at-
oms.) Mass balances yield

de
d_tc = kaCH4PCH4(1 - 0(; - GN)
— kdfc =0 (19)
and
de
_c—itﬁ = kaxg,Prus(l — 0c — On)°

— kd6% = 0. (20)

In these expressions, we have arbitrarily
assumed competitive adsorption and that
NH; adsorbs in two sites. The latter is rea-
sonable (but certainly not required) for a
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dissociated species which requires two
sites for fragments. The Langmuir iso-
therms now become

KCH4PCH4
Oc = 12 pli2 @n
1 + Knb;Pi; + Ken Peny
and
Kby Pt
On = (22

172 pin :
1 + Kxu,Prm; + Ken,Pon,

The products HCN and N, are formed
through bimolecular processes involving
carbon and nitrogen, Eqs. (14) and (15),
then the rates become

12 1”2
kuenKcen KnbsPon, P

ruen = (23)
(1 + Kll‘ﬁﬁpll\ﬁ—h + KC]-L‘I)CH‘;)2
and
kN KNH PNH
e, = 2 3 'NH3 (24)

(1 + K%%—l:;Pll\ﬁ'h + KCH4PCH4)2

These expressions give qualitatively cor-
rect fits to experimental data. The HCN
rate is first order in Pcy, at low Pcy, and
inhibited as P5H4 at high Pcy,. The N, rate
goes from first order in Py, at low Pcy, and
is inhibited as Pci , in high Pcy,. The order
of the reactions, M, in Pcy, and Py, pre-
dicted by these very simple models are
therefore -1 < M CH, < +land - < M
NH; < +3 for HCN synthesis and 0 < M
NH; < +1 and -2 < M CH, < 0 for NH;
decomposition.

Site-Blocking Model

While the model just considered yields
correct signs of CHy and NH; promotion
and inhibition of both reactions, it does not
yield the proper CH, inhibition in excess
CH,, r ~ P5ﬁ4. We shall consider next a
simple variation on this model which
yields, with simplification, an expression
which gives a quantitative fit to all kinetic
data. We note again that more complete ex-
pressions always give polynomials with
many rate coefficients from which the
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uniqueness of any particular assumption is
difficult to assess.

We assume that reactions occur by NH;
reacting with a carbon-containing Rh sur-
face and that rates are given by expressions
of the form

rucN = kuenfc(1 — 0c)'Pnm;  (25)

and
N, = kny(1 — 60)"Pg,.

This dependence on (1 — 6¢)” would arise if
reaction required n vacant sites. This could
be caused by a steric requirement or elec-
tronic alterations of the surface structure
by adsorbed carbon which inhibits both re-
actions.
If the fraction of vacant sites is small,

then 1 < K\i1,PNf;, KcPc, and 6c and (1 —
0c) become

(26)

KPcy, /P,
0 = ———— (27
1 + KPcy /P,
and
1
1 - 6c = (28)

1 + KPcu,/Pih,

where K = Kcu,/K¥h,. Inserting these ex-
pressions into Egs. (25) and (26) we obtain

kuenK P, Pr3
S HCNA L CH, l/;IH3" — 9)
(1 + KPCH4/PNH3)
and
k
N, = NPy (30)

(1 + KPcu, /P,

where K = KCH4/KNH3
Thus we obtain the following depen-
dences on Pcy, and Pny,

12
rucN < PeuPri

and

N, © Py,
K2
K, PN > KenyPony (31)

and
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— +2)/2
racn « Pchi PR
and

- (n+2)/2
rN2 o PCI?L;PI[I‘H3 ’

K¥i,Pii, > Ken,Pou, (32)
If n = 4, these become
rucn « P P,
and
Ny © Prms, (33)
when Kcg,Pcn, < Kii, PN, and
raen ® PciPliu,
and
Ny & Pohi Pl (34)

12 plf2
when Kcy,Pcu, > Knu;Prh;-

Figures 12 and 13 show plots of rgcy and

4.5 x 10" exp(—1000/T)Pcy, Pi,
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rN, versus Pcy, and Pym, obtained from
Egs. (29) and (30) with n = 4. These were
obtained from best fits of data from Figs. 7
and 8 at 1450 K. Note that these equations
contain only three rate coefficients kycn,
kn,, and K, and the number of vacant sites n
taken here as four.

The fits to experimental data at 1450 K
are essentially quantitative with all points
within a factor of three of the calculated
curves. Some experimental points may in
fact contain systematic errors as large as
this because of possible errors in pressure
or temperature measurement.

Corresponding plots of rucy and ry, ver-
sus Pcy, and Py, from data at 1100 K were
also fit using Eqs. (29) and (30). From fits at
1450 and 1100 K, the temperature depen-
dence of rate coefficients was fit to Arrhe-
nius dependences. These yielded the rate
expressions

YHCN

and

7.5 x 10" exp(—2130/T)Pxm,

" (1 + 0.0367 exp(2500/T)P s,/ PYE,)’

(35)
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er

This model is by no means unique, but
we believe that all assumptions are plausi-
ble and, in most cases, the most plausible of

(1 + 0.0367 exp(2500/T) Py, P,

(36)

exp(—afc) factors can yield the strong CH,
inhibition which we observed. The assump-
tion of NH; adsorbing dissociatively in two

alternative reaction steps. Only (1 — 6¢)" or sites was postulated to explain the P}ﬁh de-
1019 E 10'° E P NHy |4.0 Torr
E PNH3 =40 Torr E 20
L )% L 10
1018 |- /\\ 1018 |-
"HCN E / 10 E \%
molecules) r /‘:}05\ er 7 0.25
cm? sec o - - \
107 \ 107 0!
77 /\i\ £ \ \\\\
il L L LN AW ESETI AR RITI 1Y\
101%.01 e ll. = 1.0 10.0 101%._01 0.1 : 1.0 ! 10.0
Pon,(Torr) Pen,(Torr)

F1G. 12. Plots of rucy and ry, versus Py, at 1450 K using the LH model of Eqgs. (35) and (36). Rates
are seen to be within a factor of two of all data points in Fig. 7.
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FiG. 13. Plots of rycy and ry, versus Pyy, using the LH model of Egs. (35) and (36). Rates agree well

with data of Fig. 8.

pendence of rycn. The single site assump-
tion for CH,4 was used to obtain a Pcy, de-
pendence as observed experimentally. The
number of vacant sites (n) was chosen to be
four because rates are inhibited approxi-
mately as Pcf, which yields n = 4 in Eqgs.
(29) and (30). In fact, choice of n = Sor 6
yields an equally good fit to rates versus
pressures. Probably the most questionable
assumption in deriving the rates is that of
making both rates proportional to Pyp; in
Eqs. (25) and (26). One interpretation of
this is that rates are NH; adsorption lim-
ited, but this assumption is inconsistent
with the adsorption equilibrium isotherm
for ammonia. We also formulated iso-
therms for ammonia and methane without
including H, dependences. As noted previ-
ously, rates did not depend strongly on hy-
drogen, and the isotherms of Eqs. (21) and
(22) should be regarded mainly as conven-
ient representations of the adsorption steps
of methane and ammonia.

Reactive Complexes

The model just described assumes basi-
cally that ammonia reacts with surface car-
bon to form HCN or with itself to form N..
The strong inhibition of both reactions by
excess methane and the good fits of rate
expressions developed using this mode] are
evidence that these overall processes are
qualitatively correct.

The exact nature of the CH, and NH,

fragments is of course unknown. We be-
lieve that dehydrogenation is very fast
above 1000 K so that carbon is totally dehy-
drogenated (x = 0). If ammonia reacts with
this carbon very quickly, it may not be to-
tally dehydrogenated (y > 0), and it is plau-
sible that nitrogen atoms on the surface will
react only to N,.

Cyanide groups are well known ligands in
organometallic chemistry (31), and CN can
bond to transition metal atoms (including
Rh) as NC—-, CN-, -CN-, and as = side-
bonded complexes. Addition of H to any of
these adsorbate—metal bonds could pro-
duce HCN.

However, we see very little cyanogen
(C;N») or methylamine (CH3NH,) or aceto-
nitrile (CH;CN), formed in this reaction.
These would be expected products if CN or
CH; complexes existed on the surface.
Thus, we speculate that a reactive complex
involving C and NH; gives the best agree-
ment with kinetic and selectivity data.

In postulating intermediates it should be
remembered that most adsorbate lifetimes
must be very short and steady-state cover-
ages very low at high temperatures. Thus,
H atoms and N atoms should have very low
concentrations so that bimolecular reaction
steps suchas H + CN —- HCN or N + CH
— HCN would be improbable. Since car-
bon has a measurable coverage, the process
NH + C — HCN seems to be the most
reasonable.
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The high reactivity of methane with Rh is
surprising in view of its total unreactivity at
low temperatures (8, 9, 33-35). Stewart
and Ehrlich estimated the sticking coeffi-
cient of CH, on clean Rh and found it to be
activated with an activation energy of 7
kcal/mole. For a temperature of 1400 K scy,
should be 3 x 1074, They observed a large
dependence of s on gas temperature and,
since the CH, temperature in our experi-
ments is ~300 K, their results would pre-
dict a very small sticking coefficient for
CH, in our experiments. We observe a re-
action probability of methane to HCN ap-
proaching 0.01. Methane dissociation must
occur more readily on a carbon covered
surface than on a clean metal surface. En-
ergy accommodation, a necessary step in
the adsorption process, should be more effi-
cient on a surface of low atomic number.
There has been discussion covering vibra-
tional activation of CH, for adsorption;
these experiments suggest that the nature
of the surface also plays an important role
in sticking.

SUMMARY

This reaction seems highly improbable:
unfavorable equilibrium composition, unfa-
vorable competition with NH; decomposi-
tion to N, and CH,4 decomposition to graph-
ite, possibility of HCN fragmentation on a
surface at 1500 K. However, CH, and NH;
react with greater than 90% probability to
form HCN on Rh or Pt. The reaction re-
quires several ‘‘windows’” in that CH4 and
NH; must dissociate but neither N, nor
graphite can form to any appreciable ex-
tent.

This reaction is definitely metal-cata-
lyzed because both rates go to zero for mul-
tilayer carbon coverages. Carbon is both a
reactant and a poison because the reactive
surface needs both free metal sites for NH;
adsorption and carbon-filled sites to block
NH; decomposition to N,. Most reactions
in which carbon is an intermediate (for ex-
ample, CO hydrogenation) probably exhibit
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similar promotion and poisoning by carbon
(32).

Remarkably simple rate expressions,
Eqs. (35) and (36), fit all rate data over wide
ranges of temperature, pressure, and gas
composition. While these rate expressions
are clearly not the only ones that could be
postulated, the mechanism they imply is
quite plausible. This mechanism is a rather
simple Langmuir-Hinshelwood path and it
seems to be applicable over the entire range
of the experiments. Note also that the
model is a strict monolayer model which
requires that the rates approach zero as ¢
— 1. One could easily postulate more com-
plex models, but more complexity is unnec-
essary because this model gives a satisfac-
tory fit to all data.

In future papers we shall examine this
reaction on Pt and Pt—Rh alloys and shall
consider the effects of adding O,. However,
from results shown here it is clear that the
Degussa reaction provides a favorable path
to HCN synthesis even in the absence of
oxygen.
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