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Rates of reactions in HCN synthesis were measured between 0.01 and 10 Torr on clean Pt foils 
between 600 and 1500 Kin a steady state flow reactor attached to an analysis system equipped with 
AES for surface analysis. Addition of O2 to a 1 : I CHI: NH3 mixture at foil temperatures between 
1000 and 1400 K caused the HCN production to fall while NO rose to become the dominant 
product. The CO production rate was lower than that of NO, and very small amounts of CO2 were 
formed. AES showed that addition of OZ produces a reduction of surface carbon from approxi- 
mately a monolayer to a small coverage. Oxygen appears to react with NHs to form NO faster than 
with CH, to form CO. However, NO is capable of reacting with CHI to produce HCN so that NH3 
does not oxidize totally to NZ. The rates of CHI oxidation and the rate of formation of HCN from 
CH, and NO were also examined. Individual rates are fit to Langmuir-Hinshelwood models, and 
the rates and selectivities predicted by the rate equations agree well with experiments. These 
results indicate that under the conditions of industrial HCN synthesis HCN is produced mostly by 
the NH, + CH* and CH4 + NO reactions. Q 1987 Academx PESS, IK. 

INTRODUCTION 

Hydrogen cyanide is prepared industri- 
ally by reacting an approximately 1 : 1 : 1 
mixture of CH4, NH3, and 02 over a f-in.- 
thick layer of Pt-10% Rh gauze at 1400 K 
with a contact time of several milliseconds 
(I). Yields of 60-70% HCN are obtained, 
with other major products being NZ, CO, 
HzO, HZ, and COz. The overall stoichio- 
metric reactions describing HCN synthesis 

an adiabatic gauze reactor. In spite of their 
industrial importance, these systems have 
not recently been studied systematically. 

We have been studying the surface reac- 
tions in the CH4, NH3, 02 system on Pt, 
Rh, and Pd for several years (2, 3). In the 
absence of 02, we have found that the pro- 
cess can be described through two major 
surface reaction steps: 

CH4 + NH3 --z HCN + 3H2 (3.1) 
are 

CH4 + NH3 + 202 * HCN + 3H20 
AH& = - 114 kcal/mole 

and 

CH4 + NH3 + HCN + 3H2 
AH& = +60 kcalimole 

and 

NH3 + 1N2 + qH2, (3.2) 
(1) with results being correlated semiquanti- 

tatively over wide ranges of temperature 
and composition by modified Langmuir- 

(2) 
Hinshelwood rate expressions: 

The second reaction, while having a favor- rHCN = kHCN&(l - &)nP~~3 

able equilibrium yield above 1000 K, is Kl &I, MI, 
strongly endothermic, and O2 must be = (1 + z&I=&/FJ$$+ (4) 

added to achieve reaction temperatures in and 
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where 19, is the coverage of a surface carbon separation implied by the above steps may 
species, II is the number of vacant sites re- still be approximately valid. We shall at- 
quired for NH3 adsorption, and the K’s are tempt to test this hypothesis from the ex- 
groupings of temperature-dependent rate periments described here. 
coefficients and equilibrium constants as The first two reactions in Eq. (6) are the 
will be discussed later. The factors (1 - &)n reactions observed in the absence of 02, 
arise from an assumption of carbon block- and we assume that Eqs. (6.1) and (6.9) are 
ing n surface sites for NH3 adsorption. the only reactions leading to HCN. Equa- 
These expressions predict the observed tions (6.3)-(6.6) are oxidation reactions of 
strong inhibition of both rates in excess the fuels. Ammonia oxidation (4-6) and 
CH4 with IZ = 3 for Pt and n = 4 for Rh. CH4 oxidation (7-9) have been studied ex- 

In this paper we examine the reactions in tensively on Pt surfaces, with NO, N2, CO, 
this system in the presence of 02. We as- H20, and CO2 being the only significant 
sume that these may be written as bimole- product species observed. 
cular and unimolecular reaction steps: Nitric oxide, an intermediate in NH3 oxi- 

dation, can react with CH4, NH3 (IO), or 
CH4 + NH3 ---;, HCN + 3H2 (6.1) H2, Eqs. (6.9)-(6.13), only the first being a 

NH3 + 4N2 + SH2 (6.2) 
route to HCN. The water gas shift reaction, 
Eq. (6.14), interconnects CO, C02, HZ, and 

NH3 + :02 + NO + BH20 (6.3 HZ0 which are products in most reactions. 

NH3 + $02 + 1N2 + B&O (6.4) 
Finally, HCN can be consumed by either 
hydrolysis, Eq. (6.15), oxidation, or poly- 

CH4 + $0, ---, CO + 2H20 (6.5) merization. These reactions have poorly 

CH4 + 202 + CO2 + 2H20 (6.6) 
understood kinetics which we shall as- 
sume to be negligible compared to the other 

co + 40, + co2 (6.7) reactions. 

Hz + to, + H20 (6.8) 
In this paper we examine the products 

formed in CH4, NHj, and O2 mixtures and 
CH4 + NO + HCN + Hz0 + $H2 (6.9) also two bimolecular reactions of two com- 

CH4 -t 4N0 --, CO1 + 2H20 + 2Nz ponent systems: CH4 + 02 (Eqs. (6.5) and 

(6.10) 
(6.6)) and CH4 + NO (Eqs. (6.9) and 
(6.10)). Our objectives are to determine 

NH3 + NO + NZ + H20 + hH2 (6.11) which reactions produce HCN and to ob- 

NO + HZ-+ iN2 + H20 (6.12) 
tain rates of each reaction. The overall goal 
of these experiments is to determine the 

NO+CO+fN2+C02 (6.13) surface species that lead to each product 

CO + Hz0 + CO2 + HZ (6.14) 
and thus find the surface reaction mecha- 
nisms. 

HCN + HZ0 + NH3 + CO (6.15) 
EXPERIMENTAL 

All of these reactions have favorable equi- Reaction rates were obtained in a stain- 
librium constants (2). The decoupling of less steel reactor (2, 3) attached to an ultra- 
surface reaction kinetics is arbitrary, but high vacuum system for analysis of sur- 
these reaction steps appear to be the domi- faces before and after reaction by Auger 
nant ones overall if reactant species shown electron spectroscopy (AES). Samples 
in the equations are reacted alone over Pt were polycrystalline Pt foils of - 1 cm2 area 
or Rh. In a gas mixture the reactants adsorb mounted on plugs with Pt-Rh thermocou- 
and then they or their fragments react on ples for temperature measurement. Sam- 
the surface to form products, so that the ples were transferred between reactor and 
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analysis chamber through gate valves in 
-60 set using magnetically coupled transla- 
tion devices (2). Samples could be heated 
resistively to 1600 K by attaching the plug 
to a four-lead electrical feedthrough in ei- 
ther chamber. 

The reactor was operated at pressures up 
to 10 Torr by feeding cryogenically purified 
gases through stainless-steel lines and 
pumping through a mechanical pump (P > 
10m2 Torr) or a tubomolecular pump ( 10e3 to 
1O-8 Torr). The pumping time constant was 
adjusted between 0.25 and 10 set to obtain 
measurable reactant conversions. Conver- 
sions were usually kept between 1 and 20% 
of the limiting reactant so that differential 
rates could be obtained. For high rates the 
conversion were sometimes as high as 50% 
and rates had to be corrected to values at 
the feed pressures. 

Platinum foils were cleaned by heating in 
O2 in the analysis chamber until only Pt 
AES peaks were observed. They were then 
transferred to the reactor where pressures 
and flow rates were adjusted. Rates were 
determined by measuring partial pressures 
with a differentially pumped quadrupole 
mass spectrometer using the mixed reactor 
equation 

Y; = (VNoI7ARTg) APi (7) 

where Ti and Pi are rate and partial pressure 
of species i, 7 the residence time, A the cat- 
alyst surface area, No Avogadro’s number, 
V the volume of the reactor, and Tg the gas 
temperature (300 K). Rates in two reactant 
systems were typically reproducible to 
within ? 10% on a given sample and are re- 
garded as accurate to within at least ?50% 
for most conditions. Rates in CH4, NH3, 02 
mixtures were less accurate because of 
cracking fragment corrections. 

After reaction, the reactor was evacuated 
and the sample was transferred into the 
analysis chamber where coverages were 
determined by AES and temperature-pro- 
grammed desorption (TPD). No metal or 
gaseous contaminants with coverages 
above 0.05 monolayer were observed in any 

experiments reported here. Less than 0.5 
monolayer of carbon (calibrated against a 
low-pressure CO monolayer) was produced 
by long exposures (1 Torr, lo9 Langmuir) of 
either NH3 at any temperature or CH4 at 
300 K (3). Exposure to 02 at 1 Torr pro- 
duced no detectable contaminants. Sam- 
ples were cooled in reacting gases and then 
evacuated. Surface compositions could 
therefore change, although it is reasonable 
to assume that saturated surfaces remain 
essentially unchanged during cooling and 
pumpdown. 

RESULTS 

Rates in CHJ + NH, + 03 

It is clearly impossible to examine the 
rates of individual reactions in the three 
component mixture with at least 15 simulta- 
neous reactions, Eq. (6), but rates of pro- 
duction of species can be measured easily. 
Since HCN is produced near a 1: 1 
CH4 : NH3 ratio, this fuel ratio should be the 
most important and was the only one exam- 
ined quantitatively. 

Figure 1 shows a plot of rates versus par- 
tial pressure of 02 up to 1 Torr for 1 Torr 
each of CH4 and NH3 at 1450 and at 1000 K. 
Rate measurements are based on the rate of 
production of the species indicated using 
Eq. (7). For CO and N2 the parent mole- 
cules have identical masses, but they were 
distinguished by measuring mass 12 (C+ 
from CO), and subtracting the calculated 
signal of CO from the total mass 28 to ob- 
tain each species. 

Figure 1 shows that the rate of HCN pro- 
duction decreases with increasing PO, 
above PO, = 0.2 Torr. At higher PO2 the NZ, 
CO and NO rates increase rapidly. The rate 
of HCN formation in the absence of O2 is 
identical to rates reported previously (3). 
Nitric oxide is the dominant product above 
PO1 = 0.5 Torr and is more significant at 
higher temperatures. COz was always ob- 
served to have a low rate of production. 
Rates measured at 1200 K were intermedi- 
ate between those shown here. All rates 
were reproduced on two foils, and all rates 



444 HASENBERG AND SCHMIDT 

PO2 (Tom) PO2 (Torrl 

FIG. 1. Plot of rates of formation of species shown in molecules/cm* set versus PO2 for PCH( = PNHj 
= 1 Torr at 1450 and at 1000 K. Without 02, HCN is formed with -90% selectivity, but addition of O2 
produces NO, CO, N2, and CO2 and a decrease in HCN. Nitric oxide is the major oxidation product, 
and addition :jf O2 severely reduces HCN production. 

are regarded as accurate to within at least a 
factor of 3. Rates are least accurate for CO2 
production which has the lowest rate. 

Surface Analysis 

After measuring rates at 1450 K, the sam- 
ple was allowed to cool, the reactor was 
pumped down, and the sample was trans- 
ferred into the analysis system for surface 
characterization by AES. 

Figure 2 shows AES spectra for 1 : 1 : 1, 
2:1:1,1:2:1,and1:1:2mixturesofCH4, 
NH3, and O2 for 1 or 2 Torr of each species. 
Comparable AES spectra of CH4 and NH3 
alone were shown previously (3). The peak 
at -380 eV is from both N and Pt. The 
nitrogen coverage was roughly proportional 
to the carbon coverage, and, using reason- 
able values of AES sensitivities (3), the C 
and N densities were nearly identical in the 
presence of OZ. Both N and C desorbed 
readily upon heating to 1100 K; this is 
therefore a “soft” form of carbon rather 
than graphite which must be oxidized off by 

heating in 02. The probable form of C and 
N on these surfaces is the nitrile group, al- 
though multilayers of graphite form upon 
heating in pure CH4 and a monolayer of N 
forms in pure NH3. 

Figure 3 shows a plot of the C&PtZ3, 
AES peak-height ratio versus P&(PcH~ + 
PI,&, the upper curve is from CH4 + NH3 
mixtures (3) and the lower with 1 Tot-r of O2 
present (data from Fig. 2). It is seen that the 
carbon coverage increases with increasing 
PCH~ and that there is considerably less car- 
bon in the presence of Oz. The coverage of 
of carbon, calibrated againt the saturation 
coverage of CO assuming ClPt = 0.6 for 
one monolayer, is less than one monolayer 
in these experiments. 

CH4 Oxidation 

In these experiments the formation of CO 
and CO2 from mixtures of CH4 and O2 was 
studied for total pressures between 0.05 
and 1.0 Torr for CH4: O2 ratios between 
1: 4 and 4 : 1. A residence time of 0.25 set 
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FIG. 2. AES spectra following lo9 Langmuir (1 Torr 
for 1000 set) exposures to CH4, NHj, O2 mixtures at 
1400 K for compositions indicated. No contamination 
is evident, and the only surface species are C, N, and 
0. Only in excess O2 is surface oxygen detected. The 
C and N coverages increase as the CHJNH, ratio is 
increased, but in all cases the C and N coverages are 
less than one monolayer. 

was used to maintain the conversion below 
10% except for excess O2 where the CH4 
conversion was as high as 20%. 

Figures 4 and 5 show rco and rcoZ vs T for 
Po, = 0.25 and 1.0 Torr, respectively. It is 
seen that rco 9 r-co, except below -900 K 
where they become comparable. The rate 

of CO production also increases monotoni- 
cally while rco2 exhibits a maximum. Car- 
bon monoxide oxidation on Pt (II, 12) ex- 
hibits a sharp maximum and then decreases 
with increasing temperature as observed in 
Fig. 4. 

In excess CH4, rco becomes independent 
of temperature above 900 K, and the rate 
becomes zeroth order in CH4. This obser- 
vation indicates that the reaction becomes 
02--flux limited in excess CH4 above -1000 
K. 

Figure 6 shows plots of rco versus PCH~ 
and PO, for fixed partial pressures of the 
other reactant shown in the figure. The rate 
approaches zeroth order in both species in 
large excesses, and both rates approach a 
positive order in the limiting reactant. The 
slopes from Fig. 6 give a maximum slope of 
-0.9 with respect to CH4 from which we 
refer that the rate becomes first order in 
CH4. The oxygen dependence is lower, 
-0.7 which could indicate,half or first or- 
der. For modeling we shall assume that the 
rate approaches half-order in O2 in excess 
CH4. 

0.8 

c270 
0.6 

p+ 237 

I 

0 0.25 0.5 0.75 

P 
CH4 

PCH4+PNH3 

1 

FIG. 3. Plot of AES C&Ptz3, peak ratio versus frac- 
tion of CH, in CH4-NH, mixtures. Without O2 (3) the 
carbon coverage is much higher than with oxygen. 
Open circles are data from Fig. 2. 
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lOI 15 
600 000 1000 1200 1400 “600 800 1000 1200 1400 

T(K) T(K) 
FIG. 4. Plot of rco and rco2 in the CH4 + O2 reactions versus Pt foil temperature for PO* = 0.25 Torr at 

CHI pressures indicated. t-co increases monotonically and becomes O2 flux limited for PcHl 2 2 Torr. 
rcoz exhibits a sharp maximum in excess CH., , and r ,-q is always much less than rco except in large 
excess of Oz. 

CH4 + NO Reactions 

The rates of HCN formation and NO 
consumption were measured in these ex- 
periments. Because both CO and N2 are at 

lOI 

mass 28, the rate of NZ formation was ob- 
tained by subtracting the rate of HCN for- 
mation from NO consumption rather than 
attempting to monitor N2 directly. 

Rates were measured for CH4 pressures 

rco 

600 000 1000 1200 1400 

T(K) 

IO=- 
600 000 1000 1200 1400 

T(K) 
FIG. 5. Plot of rco and rc, in the CHI + O2 reactions versus Pt foil temperature for PO, = 1 .O Torr 

for CH4 pressures indicated. Behavior is qualitatively similar to Fig. 4 except that the maximum in rco2 
is shifted to higher temperatures at higher Po2. 
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FIG. 6. Plot of rco at 1450 K versus PcHl and PO2 at pressures indicated for the other species. Rates 
are first order m PcHI and half-order in PO2 at low pressures and approach zeroth order at high 
pressures of each species. 

between 0 and 4.0 Torr and NO pressures sus PC", at 1450 K for values of PNO in the 
between 0.10 and 4.0 Torr. Figures 7 and 8 figUIX. It iS seen that the order Of rHCN in 
show ruc~ and r& versus temperature for PCH~ is between 0.5 and 0.7. We shall as- 
PNO = 0.25 and 1.0 Tort-, respectively. It is sume that rucN is first order in PcHI for low 
seen that ruc~ increases monotonically PCH~ and becomes zeroth order in methane 
whereas r& exhibits a maximum at low tem- at high PcH~. Examination of Fig. 9 also 
perature (900 K) and then a minimum at shows that YucN is nearly first order in PNo 
-1100 K. at all PNo. 

Figure 9 shows plots of ruc~ and rNZ ver- The nitrogen production rate rNZ appears 

‘HCN 

1015 
600 800 1000 1200 1400 

1015- 600 800 1000 1200 1400 

T(K) T(K) 

FIG. 7. Plot of rHcN and rN2 in the CH4 + NO reaction versus surface temperature on polycrystalline 
Pt at PNO = 0.25 Torr. rHCN increases monotonically with surface temperature, while rNZ exhibits a 
maximum and a minimum. 
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FIG. 8. Plot of ruc~ and TN* in the CH4 + NO reaction versus surface temperature on polycrystalline 
Pt at PNo = 1.0 Torr. Rates are qualitatively similar to those in Fig. 7. 

to change from approximately first order When PCHl = 0 the N2 production rate is 
in PcH4 to less than one-third order as more than an order of magnitude lower than 
PNO decreases from 1.0 to 0.1 Tot-r. The when PCHI = 0.1 Torr as shown by the 
existence of a maximum and a minimum curve in the lower right corner of Fig. 8. 
in TN2 shows that the kinetics of this reac- This difference is strong evidence that CH4 
tion must be more complex than could enhances NO decomposition and that the 
be described through a single LH rate ex- reactions in Figs. 7 and 8 are in fact bimole- 
pression. cular. 

1o19t j lo’gb 4 

‘HCN 1 //fioo.25 

JOEL0 GIIIIIWJ 1( 
P CH (Torr) 1 PcH (Torr) .¶ 

1 

FIG. 9. Plot ofrHcN and rN2 in the CH4 + NO reactions versus PcHI at 1450 K. rHcN is approximately 
0.7 order in CH4 and is first order in NO. rN2 goes from first order in CH, to a small order as PNo 
decreases. 
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FIG. 10. Calculated rates of CO and CO? production in the CH4 + O2 reaction compared to rate data 
from Fig. 5. Curves shown are from Eqs. (9) and (12), respectively. 

DISCUSSION 

CH4 Oxidation 

Methane oxidation by 02 to CO has a 
much higher rate than to CO2 for all compo- 
sitions and temperatures in these experi- 
ments. We shall attempt to formulate rate 
expressions which fit the observed rates 
and discuss the mechanisms consistent 
with them. 

At high temperature CO formation is 
nearly first order in CH4 and half-order in 
02, while at low temperature the rate is ap- 
proximately zeroth order in CH4 and re- 
mains half order in 02 (Fig. 5). This sug- 
gests a rate expression of the form 

which is predicted in an LH model if CH4 
and O2 are noncompetitively adsorbed with 
02 dissociated. In this expression KCH~ and 
Ko, are adsorption equilibrium constants 
and kR is the surface reaction rate coeffi- 

cient. The data of Figs. 4 and 5 were fit to 
these expressions assuming Arrhenius tem- 
perature dependences for K’s and kR. Fig- 
ure 10 shows calculated rate curves for PO, 
= 0.25 Tot-r for PCH~ values indicated with 
data from Fig. 4. Curves agree with all data 
points within approximately a factor of 3 
except at PCH~ = 4 where the rate becomes 
temperature independent. The rate expres- 
sion used in Fig. 10a was 

4 X lOI exp[- lO,OOO/RT]P~~,P~~ 

rco = I + 5 x lo-lo exp[+30,000/RT]Pc,, 

(9) 

with rco in molecules/cm2 set, pressures in 
Tort-, and activation energies in Cal/mole. 
This model predicts a 30 kcal/mole heat of 
adsorption for whatever species forms from 
CH4 to block reaction at high PcH4 and low 
temperatures. kc0 and Ko, are not obtain- 
able independently from this expression be- 
cause the numerator is a product of these 
quantities, Eq. (8). 

In excess CH4, ~co becomes independent 
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of T and of PC& and is evidently O2 flux KI Pcd’o~ 
limited. Maximum rates of Figs. 4 and 5 are 
5 x 10” and 2 x lOI at PCHl = 0.25 and 1.0 

rco, = (1 + &pcH4)(1 + K3(pcu,/Po,)“) 

(11) 
Torr, espectively. Since the flux of O2 is 
calculated to be 1 x 102’ and 2.5 x 1020 at where KI, K2, and K3 are groupings of con- 
these O2 partial pressures (ideal gas at 300 stants. The first term in the denominator is 
K), these results give from CH4 saturation at low temperature, 

while the term containing (PcHJP~$ can 
rco = 5 X 10’8P~, (10) be obtained assuming graphite buildup in 

which carbon blocks II sites for O2 adsorp- 
in the O2 mass transfer limit with the reac- tion. A similar model was developed for 
tion probability of O2 being 0.005. CH4 inhibition of the CH4 + NH3 reactions 

Methane oxidation to CO2 is much (2, 3). 
slower and exhibits a sharp temperature Figure lob shows rco, calculated from an 
maximum in excess CH4. This suggests a expression of this form using the parame- 
rate expression of the form ters 

7 x lOI8 exp[-5000/RT]PCH4P02 
rc0, = (1 + 1 x lo-t1 exp[+40,000/RT]Pcu,)(l + lo3 exp[-40,000/RT1(P~~,lPo,)6) 

The negative exponential in the second de- 
nominator term represents an activated car- 
bon buildup which is larger at high tempera- 
tures and causes the rapid decrease in rate 
with increasing temperature in excess CHJ. 

CH4 + NO Reactions 

Reaction to HCN predominates over re- 
action to N2 except at low temperatures 
(~800 K) where rates appear to be compa- 
rable. We modeled HCN formation using 
an expression of the form 

k&n&o P&ho 
rHCN = 

1 + KCH~PCH~ 
(13) 

because the rate goes from zeroth to nearly 
first order in PCH~ and is always approxi- 
mately first order in PNO. Figure 11 shows a 
fit of data from Fig. 8 with a rate expression 

rHf3 = 
1.8 X 102’ exp[-10,OOO/RT]PCHIP~~ 

1 + 5 x lo-lo exp[30,000/RT]PcH, 

(14) 

(12) 

Again agreement is generally quite good ex- 
cept at high PCHd where the experimental 
rate falls below the calculated curves. 

No temperature independent rate regime 
characteristic of an NO flux limit was ob- 
served, although the flattening of the upper 
curve of Fig. 1Oa may indicate the approach 
to a flux limit. The reaction probability of 
NO is calculated to be -0.01 Fig. 8. 

HCN formation does not exhibit CH4 in- 
hibition in excess CH4 as did the CH4 + 
NH3 reaction (3). Evidently the presence of 
NO prevents a buildup of a reaction inhibit- 
ing species as it does in NH3. 

Also note that the CH4 + NO reaction is 
slightly faster than the CH4 + O2 reaction. 
NO is thus a slightly better oxidizing agent 
than 02, presumably because the sticking 
coefficient of NO is higher than that of 02. 

The CH4 inhibition terms and the numer- 
ator activation energies in Eqs. (9) and (14) 
are identical. This suggests that low tem- 
perature inhibition of both reactions by CH4 
occurs by the same species and processes 
with both oxidizing agents. 
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FIG. 11. Calculated rates of HCN and NZ production in the CH4 + NO reaction compared to data 
from Fig. 8. Curves shown are from Eqs. (14) and (16), respectively. 

The rate of N2 formation exhibits a maxi- 
mum and a minimum as seen in Figs. 7 and 
8. This would be difficult to fit in a single 
LH mechanism, and it suggests two pro- 
cesses. We assume a rate expression of the 
form 

KI PCHJNO 
TN2 = 

1 + &PcH~ 
+ K&~~‘No (15) 

The pressure dependences shown fit the 
results well, but we do not suggest that they 
have any special significance. 

Figure 1 lb shows a plot of data from Fig. 
8 along with calculated curves for a rate 
expression 

1.2 X lOI exp[+lO,OOO/RT]PCHIPNO 

1 + 1 x IO-l1 exp[40,000/RT]PcH, 

+ 3 X 10” eXp[-15,000/RT]P~~~PN0 (16) 

The first term dominates at low tempera- 
ture and gives the rate maximum because of 
the negative activation energy in the nu- 
merator, while the second term dominates 
at high temperature because of its large 
positive activation energy. 

Bimolecular Reaction Rates 

Of the 15 reactions in the CH4 + NH3 + 
O2 system (Eqs. (6.1)-(6.15)), all but HCN 
hydrolysis have been studied on Pt, and in 
rate expressions have been determined for 
most reactions. Table 1 lists rates calcu- 
lated at 700, 1000, and 1400 K for each of 
these reactions for reactant pressures of 1 
Torr along with references in which rates 
were obtained. 

At 1400 K with 1 Torr of each reactant 
most rates are between 1 x 1Or7 and 3 x 
lOI* molecules/cm2 sec. At this pressure 
only CH4 + O2 and HZ + O2 become flux 
limited. The reactant fluxes to the surface 
are -lo*’ molecules/cm* set at 1 Torr so 
the calculated reaction probabilities at 1 
Torr are 3 x 10e3 to 10e4. Of course, all 
bimolecular reactions must become flux 
limited at sufficiently high pressures be- 
cause the rate cannot exceed the flux of ei- 
ther reactant. Since conversions were kept 
low for data in Fig. 1, all reaction rates in- 
volving intermediates (NO, H2, CO, C02, 
HCN) as reactants should be negligible in 
rates shown in Fig. 1. 
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TABLE 1 

Bimolecular Reaction Rates in CR + NH3 + O2 at Reactant pressures of 1 Torr 

Reaction 700 K 1000 K 1400 K Reference 

CH4 + NH3 -+ HCN 8 x 10’6 2 x 10” 5 x 10” 3 
+ Nz 1 x 10” 1.8 x 10" 1 10" x 3 

NHj+02-+NO -1 x 10” -1 x 10’8 -3 x 10'8 
+ N2 -2 x 10’8 -4 x 10’8 -6 x 10” 4 

CH,+Oz+CO 2 x 10’6 2 x 10” 1 x 10’8 This work 
CHd+NO-+N2 I x lOI 8 x 10’7 3 x 10’8 This work 
NHS+NO+N2 4 x 10’7 2 x 10’8 1 x 10’8 10 
CO+O*'CO* 2 x 10” 3 x 10’8 2 x 10'8 II 
H2 + O2 --, Hz0 - 8 x 10’7 8 x 10” 14 
CO + Hz0 + CO2 + Hz 1 x 10’5 4 x 10’5 7 x 10’6 14 
NO+CO+N,+CO, 3 x 10” 6 x 10’8 3 x 10’8 15 

The Three Component Reactions and 

It is clearly not possible to model the CHs 
rf NH3 + 02 reaction system in detail be- 
cause (1) there are many stoichiometric re- 
actions, Eq. (6), which can produce each 
product, (2) the accuracy of rate data for 
the multiple reactant system with many 
components does not justify detailed fits of 
any proposed model forms, and (3) there is 
a question as to the significance of decou- 
pling multiple surface reactions. 

For homogeneous reactions among three 
reactants, one would model the process as 
a sequence of unimolecular and bimolecu- 
lar elementary reactions between reactants 
and reaction products. This is not necessar- 
ily valid for surface reactions because it is 
difficult to identify the elementary reaction 
steps. 

Decoupling of reactions would be possi- 
ble if coverages were sufficiently low that 
adsorbed species did not inhibit or promote 
reactions of other species and if reactivities 
were sufficiently low that a reaction of a 
particular species were uncoupled from its 
other possible reactions. For example, NH3 
forms HCN, N2, and NO nitrogen products 
while CH4 forms HCN, CO, and COz car- 
bon products. If one writes the total rate of 
CH4 and NH3 consumption 

-@HA = rHCN + rC0 + k02 (17) 

-rNH3 = rHCN + 2rN2 + TN0 (18) 

one finds nearly constant rates of NH3 and 
CH4 consumption with total CH4 and NH3 
reaction probabilities of approximately 0.01 
at all Paz as shown in Fig. 1. Therefore the 
CH4 + NH3 + 02 system should be re- 
garded as a tightly coupled reaction system 
in which 02 only changes the selectivity but 
not the total reactivity of CH4 and NHJ. 

In fact, the selectivity of products formed 
in CH4 + NH3 + 02 agrees very well with 
relative rates and with rate expressions of 
the unimolecular and bimolecular reactions 
of Eq. (6). These expressions predict that 
NH3 oxidation is favored over CH4 oxida- 
tion and that CO formation should be fa- 
vored over CO2 as observed. When we as- 
sumed that rates were decoupled and wrote 
rates as Eq. (6) using the six major unimole- 
cular and bimolecular rate expressions(l3) 
we obtained good agreement with Fig. 1. 

The experiment of Fig. 1 was in a mixed 
reactor at low residence time and low con- 
version. This reduces the effect of series 
reactions of intermediates and products so 
that NO and CO are major products with 
little reaction on to N2 and CO*. We shall 
discuss modeling of the three compoent 
system at higher pressures and in a high 
conversion reactor in a later publication. 

It is instructive to consider the CH4 + 
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FIG. 12. Sketch of feed compositions and products 
formed in the CH4 + NH3 + O2 reactions. Assump- 
tions of bimolecular reactions yields products shown 
at stoichiometries indicated on each leg of the dia- 
gram. Feed compositions used in the industrial reac- 
tions of these species are shown as points in the dia- 
gram. 

NH3 + 02 system on a triangular diagram 
as shown in Fig. 11. If products were 
formed by bimolecular steps, each side of 
the triangle produces the products indi- 
cated, ignoring Hz and Hz0 which are addi- 
tional products of all reactions. The indus- 
trial HCN processes (Degussa and 
Andrussow) and the NH3 oxidation process 
(AOP) use initial feed compositions indi- 
cated by the point on the diagram, and the 
selectivities to HCN and NO respectively 
determine reactor performance. 

SUMMARY 

The major reaction yielding HCN in 
CH4, NH3, O2 mixtures appears to be the 
CH4 + NH3 reaction. Oxygen reacts with 
NH3 to form NO faster than with CH4 to 
form CO, although in a reactor at high con- 
versions NO may react with CH4 to form 
HCN. 

The bimolecular reactions CH, + O2 + 
CO and CH4 + NO + HCN are very fast 
and have essentially identical rate expres- 

sions with the NO reaction being faster by a 
factor of -3 at all temperatures. Both can 
be fit quite accurately by Langmuir-Hin- 
shelwood rate expressions to within the ac- 
curacy of the rate data. No inhibition of 
either oxidation reaction by excess CH,, is 
evident, although the complete oxidation 
reactions to form CO2 and N:! respectively 
are strongly inhibited in excess CHJ. 

In a later paper we shall discuss modeling 
of the Andrussow and ammonia oxidation 
reactors using rate parameters from indi- 
vidual bimolecular reactions. In high pres- 
sure situations the coupling between reac- 
tions and flux limited rates may have a 
significant influence on observed products. 
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