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Abstract--The methods of temperature-programmed reaction/desorption (TPR/TPD) are used to study 
azomethane (CH3N=NCH3) decomposition and the reactions of the products of its pyrolysis (CH3 radicals 
and N2) on the polycrystalline molybdenum surface. A TPR spectrum of adsorbed azomethane decomposition 
shows mainly N 2, H 2, and unreacted azomethane. Upon preliminary adsorption of azomethane pyrolysis prod- 
ucts on a catalyst sample, a TPR spectrum shows N 2, H 2, and CH 4 in comparable amounts. The difference in 
the composition of desorption products found for these two types of experiments shows that, in the decompo- 
sition of adsorbed azomethane, surface methyl moieties are not formed. The rate constants were calculated for 
the dissociation of adsorbed CH 3, CH 2, and CH, recombination of hydrogen atoms with each other and with 
CH3 and CH 2, and the recombinative desorption of nitrogen atoms. 

INTRODUCTION 

Recently, experimental evidence has been found for 
the occurrence of many reactions of oxidative catalysis 
via the formation and a successive transformations of 
free radicals [1-3]. Secondary reactions of radicals 
resulting in the formation of final products may occur 
both in the gas phase and on the surface after their trap- 
ping back by the surface. The overall rate of the process 
and the composition of the reaction mixture are deter- 
mined by many reactions of radicals and the products 
of their adsorption on the active sites of a catalyst. 
Therefore, the study of free radical trapping by various 
surfaces and their transformations on these surfaces is 
of great interest. 

In a number of processes for the catalytic conver- 
sion of methane, a primary species formed by hydro- 
carbon activation is methyl radical [4, 5]. The overall 
rate of the process and the selectivities to various prod- 
ucts depend on both the kinetics of methyl radical reac- 
tions on the surface and on the stoichiometry of reac- 
tions between species formed from methyl radical 
adsorption. Specifically, it has been shown [6] that in 
the presence of a binary catalyst consisting of an oxide 
capable of generating methyl radicals and a metal, 
which is itself inactive, the overall rate of methane con- 
version increases nonadditively and the composition of 
products formed in the reaction drastically changes. 
This is due to the secondary reactions of methyl radi- 
cals on the metal surface. 

These data show that the study of methyl radical 
adsorption and its secondary reactions on the surface is 
of substantial interest. The following clean and oxi- 

t Deceased. 

dized surfaces were examined by this time: Pt(111) [7], 
Ni(100) and Ni(111) [8, 9], and oxidized Mo(100) [10]. 

The thermal decomposition of azomethane is often 
used as a method for generating methyl radicals [7, 10]. 
The catalytic decomposition of azomethane has only 
been studied in detail on platinum [11] and rhodium 
[ 12], and a number of products were found: H2, HCN, 
CH3NH2, and C2N2. In addition to these products, the 
rhodium surface also generated dinitrogen. 

In this work, we studied the catalytic decomposition 

of azomethane and reactions of CH~ radicals on the 
surface of polycrystalline molybdenum, This surface is 
interesting because it forms strong chemisorptive 
bonds and dissociatively chemisorbs many molecules, 
including dinitrogen. The temperature-programmed 
reaction/desorption (TPR/TPD) method coupled with 
mass spectrometry enabled the determination of the 
composition of products desorbing from the surface 
and kinetic measurements [13]. 

EXPERIMENTAL 

Experiments were carried out in an ultrahigh vac- 
uum (UHV) setup with a ceiling for residual gases of 
5 • 10 -l~ torr. Figure 1 shows the schematic of a vac- 
uum chamber. 

A sample made of molybdenum (99.99%) foil (10 • 
4 • 0.05 mm) was placed in the middle of the vacuum 
chamber on a manipulator that enabled sample rotation 
by 360 ~ and the exposure of its front face either to the 
molecular beam of gas or to the mass spectrometer 
inlet. The temperature of a sample heated with electric 
current was measured with a W-Re thermocouple 
welded to the backside of the sample. Before experi- 
ments, the sample was cleaned from gases and carbon 
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impurities by prolonged heating in an oxygen atmo- 
sphere (P = 10 -7 tor r )  at T = 1800 K. This procedure 
was repeated before each experimental series. 

Azomethane, the products of its pyrolysis (N 2 and 

CH~), and other gases were supplied by an effusion 
molecular beam and adsorbed on the sample front, 
which was kept at room temperature. The molecular 
beam was generated by a quartz capillary. The sample 
temperature (~25~ was kept constant. 

According to the published data [10], during 
azomethane pyrolysis in the mixture with argon under 
the optimal beam conditions, the portion of methyl rad- 
icals in the products was 14%. The molecular beam 
also contained Ar (47%), N 2 (18%), CH 4 (13%), C2H 6 
(5%), H 2 (2%), and CHaNNCH 3 (0.4%). Unlike the 
conditions for molecular beam formation used in [10], 
in our experiments, starting azomethane contained no 
inert gas (argon). Under UHV conditions, this may lead 
to a decrease in the concentration of ethane, which is a 
product of termolecular methyl radical recombination, 
in pyrolysis products. 

Upon the admission of gases, the temperature was 
increased according to a program from room tempera- 
ture to 1500 K. The rate of product desorption was reg- 
istered using an omegatron mass spectrometer. After 
10-20-min exposure, the results of desorption mea- 
surements stopped changing; therefore, we assumed 
that this time is sufficient for reaching monolayer satu- 
ration. The rates of heating were varied between 30 and 
300 K/s. 

RESULTS AND DISCUSSION 

Catalytic Decomposition of Azomethane 

Figure 2 shows the TPR spectrum of azomethane 
decomposition registered after molybdenum surface 

saturation with this substance. This figure shows that 
nitrogen and hydrogen are the major products desorb- 
ing from the surface. Some amount of unreacted 
azomethane was also observed in desorption products. 
The temperatures of maxima (Tma x) of the correspond- 
ing peaks were 1200, 710, and 680 K. 

Because other nitrogen-containing products of 
azomethane decomposition are absent from the TPR 
spectra, we suggest that adsorbed nitrogen atoms 
recombine only with each other. They do not react with 
azomethane or with the products of its decomposition. 
This is contrasting to the data on azomethane decompo- 
sition over platinum [1 l] reported by Jentz et al., who 
observed a number of gaseous nitrogen-containing 
products (CH3NH 2, HCN, and C2N2) and did not 
observe molecular nitrogen. On the molybdenum sur- 
face, which is characterized by higher binding energies 
of H, C, and N atoms than platinum, virtually complete 
azomethane dissociation into elements probably occurs 
already at low temperatures. On further heating, hydro- 
gen and then nitrogen desorb from the surface. 

Virtually complete absence of carbon in desorption 
products in this series of runs is probably due to its dis- 
solution in the bulk of a sample at high temperatures. 
This is evident from the fact that the TPR spectra (Fig. 2) 
are reproducible in a series of several tens of runs 
despite the formation of carbon in a monolayer (ML) 
amount in each run. If the coverage of the molybdenum 
surface by carbon atoms was high or surface carbide 
was formed, the adsorption properties of a sample 
would progressively change, and this would affect the 
dissociative adsorption of nitrogen. However, this was 
not the case in our experiments. 

We registered TPD spectra of nitrogen and hydro- 
gen after their separate adsorption on the sample sur- 
face. These spectra were identical to those observed in 
the temperature-programmed decomposition of 
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Fig. 1. Schematic of the vacuum chamber. 
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Fig. 2. TPR spectrum of the catalytic azomethane decompo- 
sition registered after its monolayer adsorption on the polycrys- 
talline molybdenum surface: (1) azomethane; (2) hydrogen; 
and (3) nitrogen. The rate of heating for I and 2 is 300 K/s; 
the rate of heating for 3 is 130 K/s. 
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adsorbed azomethane. Strong dissociative adsorption 
of nitrogen on the sample points to the fact that the sur- 
face largely consists of clean molybdenum and is not 
covered with carbon or molybdenum carbide. Probably, 
we dealt with the steady-state condition of the sample, 
whose surface is cleaned from carbon during heating 
because of carbon dissolution in the metal bulk. The 
data also suggest that the rate of hydrogen-atom recom- 
bination is independent of the surface in the presence of 
nitrogen atoms. We used these conclusions in further 
kinetic analysis of the processes in the adsorbed layer 
formed by azomethane pyrolysis products. 

The activation energies E and preexponential factors 
k ~ of azomethane, nitrogen, and hydrogen desorption 
were calculated by the formulas [ 14] 

l n (F / l nF)  = [rTlT21n(Oi/O2)]/[Tmax(T 2 -  T0],(1 ) 

E = RTma x In ( F / l n  F), (2) 
r - |  where F = ( k~ Tl and T2 are the tempera- 

tures for the half-maximum rate of desorption; 0max, 01, 
and 02 are surface coverages at Tmax, Tl, and T2, respec- 
tively; r is the kinetic order of desorption and b is the 
rate of heating, which was 130--300 K/s in the catalytic 
decomposition of azomethane. 

The In(01/02) values for the first- and second-order 
desorption were determined earlier [14]: 2.3 and 1.6, 
respectively. 

The peaks of nitrogen and hydrogen in the TPR 
spectrum were analyzed using the second-order rate 
law, and that for azomethane was analyzed with the 
first-order rate law. Because surface coverages were 
used instead of concentrations, all rate constants are in 
reciprocal seconds. The rate constants estimated for 
desorption are as follows: 

H2 N2 CH3N=NCH3 

E, kJ/mol 160+ 10 270+ 15 130+20 
logk ~ [s -l] 13.6+ 1.0 12.5+ 1.5 10.6+2.0 

These parameters of desorption rate constants for 
hydrogen and nitrogen agree with the literature data 
[15-18], which confirms that these gases are in dissoci- 
ated form on the molybdenum surface. 

The experimental data suggest that azomethane 
almost completely decomposes on the molybdenum 
surface in the TPR regime, and the rate of its decompo- 
sition does not limit nitrogen or hydrogen desorption. 

Therefore, the catalytic decomposition of adsorbed 
azomethane on molybdenum can be described by the 
following reactions: 

1) [CH3N=NCH3] ,~ CH3N=NCH3 

2) [CH3N=NCH3] , " 2INCH3] 

3) [NCH3] , " [NCH2] + [H] 

4) [NCH21 ~ [C] + IN] + 2[HI (I) 

5) 2[HI ," H2 

6) 2[NI ,- N2 

7)[C] "{C}. 
In these reactions, gaseous products are without brack- 
ets, surface species are in square brackets, and carbon 
dissolved in the metal bulk is in braces. 

Step 3 in scheme (I) is reversible based on the fol- 
lowing estimates. The energy of the C-H bond in 
azomethane is close to the C-H bond in hydrocarbons 
(i.e., 40(0420 kJ/mol). The energy of hydrogen atom 
binding to the surface q can be estimated from the 
energy of hydrogen molecule dissociation by the equa- 
tion 

q = (E + D) /2 ,  (3) 

assuming that the dissociative adsorption of hydrogen 
on molybdenum occurs with zero activation energy; 
that is, E is equal to adsorption heat. Upon substituting 
the values of E and D into equation (3), we have q = 
285 + 20 kJ/mol. That is, forward step 3 is endothermic, 
and this suggests that it may occur in the backward 
direction. 

It is likely that, after the abstraction of the first 
hydrogen atom from the NCH3 group, the remaining 
group becomes unstable and rapidly dissociates into 
elements. This is shown as step 4. The TPR spectra do 
not show even trace amounts of CH4, C2H 6, C2H4, or 
C:H 2, which can be formed via the recombination of 
intermediate species; therefore, step 4 should be fast. 

Reactions of  N and CH3 
in the Mixed Adsorbed Layer 

In the study of the adsorption and reactions of 
azomethane pyrolysis products, it was necessary to 
determine the optimal temperatures for azomethane 
thermal decomposition. For this purpose, we registered 
the mass spectra of the gas phase during the uninterrupted 
supply of azomethane through the quartz capillary 
heated to various temperatures. The pressure in the vac- 
uum chamber was kept at the level of 5 • 10 -8 ton'. 
Figure 3 shows these mass spectra. As can be seen, at 
300-800 K, the mass spectrum remains unchanged and 
corresponds to pure azomethane with traces of residual 
gases. At higher temperatures (>800 K), the partial pres- 
sure of azomethane decreases as evident from the low- 
ered peaks with m/e = 58 (the molecular ion) and m/e = 43 

(the N=NCH~ ion) and other characteristic peaks. 
Finally, at temperatures of the quartz capillary above 
1070 K, azomethane is absent from the gas phase. 

In further experiments, azomethane pyrolysis was 
carried out at a quartz capillary temperature of 1100 K. 
As noted above, in addition to methyl radicals and 
nitrogen molecules, the beam of pyrolysis products 
contained methane, ethane, and molecular hydrogen. In 
special experiments under analogous conditions (the 
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Fig. 3. Mass spectra of the gas phase registered during the 
uninterrupted supply of azomethane into the vacuum cham- 
ber through the quartz capillary heated to (1) 300, (2) 800, 
(3) 900, and (4) 1100 K. 
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Fig. 4. TPR spectrum observed after monolayer adsorption 
of the azomethane pyrolysis products (N 2 and C H3 ) on the 
molybdenum surface. Dashed lines show the ionic currents 
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room temperature and exposure for up to 20 min), we 
showed that methane and ethane are not adsorbed on 
the molybdenum surface. A possible effect of hydro- 
gen, which is present in the beam, will be discussed 
below. 

Figure 4 shows a typical TPR spectrum observed 
upon the adsorption of azomethane pyrolysis products 
at their surface coverage close to saturation, which we 
assumed to be 1 ML. The rate b of sample heating was 
37 K/s in these experiments. As can be seen from the 
figure, nitrogen, hydrogen, and methane desorb from 
the surface in comparable amounts. The values of Tmax 
for these gases are 1200, 1000, and 870 K, respectively. 
The dashed lines show the experimental plots of ionic 
currents j in relative units versus time and the ordinary 
lines show the plots for the absolute desorption rates of 
the corresponding gases (W, ML/s); their calculation is 
explained below. 

Note that the peak of nitrogen is observed at the 
same temperature as in the experiments on the catalytic 
decomposition of azomethane and virtually coincides 
with the TPD spectra recorded after N2 adsorption on 
the molybdenum surface. The calculation of the rate 
parameters for nitrogen desorption according to equa- 

tions (1) and (2) gives us E = 280 + 15 kJ/mol, logk ~ = 
13.5 + 1.5, which agrees with the above results within 
the experimental accuracy. 

The TPR spectrum of hydrogen registered under 
these conditions differs from TPR/TPD spectra 
observed after molecular hydrogen adsorption and in 
the catalytic decomposition of azomethane on molyb- 
denum. The difference is in the form of a peak (elon- 
gated front) and in Tmax. 

Comparison of the results obtained in the above two 
types of experiments uncovers their fundamental dif- 
ference. Specifically, when azomethane decomposes on 
molybdenum, methane is not formed. In the TPR in the 
mixed adsorbed layer of N and CH~, methane is 
formed in substantial amounts. This fact indicates dif- 
ferent compositions of adsorbed layers and the absence 
of methyl groups from the surface in the case of 
azomethane decomposition. This means that the cata- 
lytic decomposition of azomethane on the molybde- 
num surface does not occur via the primary scission of 
the N-CH 3 bond. 

The absence of nitrogen-containing compounds 
other than N 2 from the TPR spectra suggests that 
adsorbed nitrogen atoms recombine only with each 
other and do not react with methyl radicals or the prod- 
ucts of methyl decomposition. 

The reactions in the mixed adsorbed layer over 
molybdenum containing N and CH 3 may be described 
by the following scheme: 

(1) [CH3] . " [CH2] + [H], 

(2) [CH2] ,, " [CH] + [H], 

(3) [CH] .. - [C] + [H], 

(4) 2[N] - N 2, (II) 

(5) 2[H] , H 2, 

(6) [CH3] + [H] - CH 4, 

(7) [C] - {C}. 

In this scheme, the notation for the species is the 
same as in scheme (I). Steps 1-3 are considered revers- 
ible for the same reason as before. 
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Notably, in the process under study, adsorbed 
methyl radicals recombine only with adsorbed hydro- 
gen atoms but not with each other. Two carbon atoms 
from methyl groups probably cannot close over each 
other because of steric hindrances, whereas small and 
mobile hydrogen atoms may approach a carbon atom 
on the surface or attack it from the metal bulk because 
hydrogen is highly soluble in metals [l 9]. 

Dinitrogen desorbs from the surface when all other 
adsorbates except carbon already left the surface. Thus, 
the effect of adsorbed nitrogen on the reactions of 
adsorbed methyl radicals and products of its decompo- 
sition on the molybdenum surface consists mainly in 
blocking surface sites. 

The TPR spectra of hydrogen and methane (Fig. 4) 
cannot be processed with equations (l) and (2) because 
H2 and CH 4 are the products from a multistep process 
rather than desorption. For the quantitative analysis of 
these spectra, we used scheme (II). 

TPR spectra shown as plots of ionic currents corre- 

sponding to the molecular ions H~, CH 4, and N~ 
(m/e = 2, 16, and 28) versus time and temperature (Fig. 4) 
provide only a qualitative picture for the molecules des- 
orbing to the gas phase. 

For the quantitative analysis, it was necessary to 
recalculate the apparent values of ionic currents into the 
absolute rates of gaseous product formation. According 
to [20], the current j corresponding to any specific ion 
is proportional to the partial pressure P of the gas: 

j - tt~P, (4) 

where t~ is the ionization cross-section of a molecule, 
and [3 is the portion of ion in the mass spectrum of a 
substance. 

The ratio of ionization cross-sections of hydrogen, 
methane, and nitrogen is 1 : 2.5 : 2.5 [19], and the val- 
ues of 13 measured for the molecular ions are 0.98, 0.5, 
and 0.9, respectively. 

The partial pressure of gas desorbing in the vac- 
uum system and its evacuation are described by the 
equation [20] 

V(dP/dt) = Wdes--se, (5) 

where V is the volume of the vacuum chamber, t is time, 
Wae s is the desorption rate, and S is the evacuation rate. 

Under our experimental conditions, the values of S 
measured for hydrogen, methane, and nitrogen are 100, 
50, and 40 I/s, respectively. At these high rates of evac- 
uation, the left-hand side of equation (5) can be equal- 
ized to zero. Then, equations (4) and (5) lead to a sim- 
ple relation between the rate of desorption of any spe- 
cific gas and the corresponding ionic current: 

Wae s - ( jS ) /  ( ~13). (6) 

This formula enables the calculation of the relative 
values of gas desorption rates. The absolute values of W 

(ML/s) for H2, CH4, and N2 (Wrh, WcH,, and WN2) 
were obtained from the material balance equation 

0OH3+0 ~ = 1, (7) 

which involves the initial surface coverages by methyl 

radicals 0OH~ and nitrogen atoms 0 ~ . Note that this 

equation does not take into account the initial surface 

coverage by hydrogen 0 ~ , although hydrogen is 
present in the molecular beam of azomethane pyrolysis 
products according to the data reported by Smudde 
et al. [10]. We will show below that our experimental 
data suggest that the initial surface coverage of the 
molybdenum surface by hydrogen is negligible. 

The values of 0~ and 0 ~ can be described in the 

following form: 

o ( i W c H d t +  iWH2dt] 0cu 3 = 4 2 /3 ,  (8) 

0 

0 ~ = 2fWNdt .  (9) 

0 

The TPR spectra shown with dashed lines in Fig. 4 
were calculated using equations (6)-(9) to obtain the 
absolute desorption rates (ML/s) for the gases (ordinary 
lines). Thus, the TPR spectra were normalized to deter- 

mine the following initial coverages: 0~H ~ = 0.87 and 

0 ~ =0.13. 

In further analysis, we will use the following nota- 
tion system: OH, ON, 0cH~, 0CH2,0CH, and 0 are the cur- 

rent surface coverages with H, N, CH3, CH2, CH, and 
the portion of clean surface, respectively; 0 c is the over- 
all amount of carbon on the surface and in the bulk 
formed during one experiment; and ki and k_ i are the 
rate constants for the ith step in scheme (II) in the for- 
ward and backward directions. 

We processed the TPR spectra (Fig. 4) by first deter- 
mining the 0H(t) dependence assuming that the rate of 
hydrogen desorption is independent of the presence of 
nitrogen atoms on the surface. We also considered that 
the rate of hydrogen desorption is independent of the 
presence of other species on the surface. Therefore, the 
following rate law can be used that describes hydrogen 
desorption 

WH~ = ks(0H) 2. (10) 

The apparent dependence Wu2(t) and the rate constant 

k5 = 4 x 1013exp(-160/RT) s -1 measured in the experi- 
ments with preliminary H 2 adsorption were substituted 
into this equation. Henceforth, the activation energies 
are in kJ/mol. Figure 5 shows the dependence 0H(t) thus 
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obtained. As can be seen, the 0 u can be neglected not 
only at the initial moment,  but also up to 650 K. 

This result should be discussed in more detail. 
As mentioned above, the molecular beam of 

azomethane pyrolysis products should contain notice- 
able amounts of molecular hydrogen, which can disso- 
ciatively adsorb on the molybdenum surface under the 
conditions of our experiments. If atomic hydrogen were 
present on the surface from the start (that is, after 
adsorption at room temperature), then a noticeable rate 
of its recombinative desorption would be observed 
at 600 K, but this was disconfirmed in experiments. 
This fact can be explained by hydrogen recombination 
with gas-phase methyl radicals that competes with 
adsorption: 

[H] + C H~ , CH 4. 

This reaction efficiently removes adsorbed hydrogen 
from the surface. 

Because carbon desorbs from the surface only in the 
form of methane, the material balance condition with 
respect to carbon provides us with the expression for 
the overall surface coverage with carbon-containing 
species (0z = 0CH3 + 0CH2 + 0CH + 0C): 

t 

0 (t) : 0~ j'w . d,. (11) 

0 

The current value 0N(t) was determined from the equation, 
tx~ 

O~(t) = 2~WN2dt, (12) 

t 
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Fig. 5. Dependences of(l) 0, (2) O N, (3) O H x 100, (4) 0cn 3 , 

and (5) 0 z = 0CH 3 + 0ca 2 + 0CH + 0 c on time (tempera- 
ture) calculated by equations (10)-(13), (19). The ordinary 
lines refer to 100 O H calculated by equation (27). 

and 0(t) can be found from the balance of surface con- 
centrations 

0(t) = 1 - ON - 0H-  0z. (13) 

Figure 5 shows the plots of 0, ON, 0H, and 0z versus 
time (temperature). 

The next task was to determine current surface cov- 
erages by methyl groups and other carbon-containing 
species. 

Obviously, the coverage with methyl 0cn 3 initially 

(at low temperatures) is the highest and the values of 
0CH2, 0CH, and 0c are relatively small. According to 

scheme (II), CH 2, CH, and C are formed by successive 
steps of hydrogen abstraction. Therefore, the following 
inequality should be fulfilled: 

0cn 2 > 0cn > 0 o (14) 

To a first approximation, we assumed for the initial 
period that 

0z = 0CH3 + 0CH2. (15) 

The equation of material balance with respect to hydro- 
gen during this period is 

30CH 3 + 20CH 2 = 30OH3 

' ' ( 1 6 )  

-4~WcH4dt- 2~WH2dt-OH. 
0 0 

With equations (11), (15) and (16), we arrive at 
t t 

0CH 2 = ~WcH4dt+2fWH2dt+OH, (17) 
0 0 

t t 

0 C H  3 = 0 C H  3 

0 0 

Then, using the equation 

W C H  4 = k 6 0 H O c H 3 ,  (19) 

we determined the rate constant k 6 for the recombina- 
tion of hydrogen atoms with methyl groups, which is 
adequately described by the Arrhenius equation (see 
Fig. 6) in this temperature range 

k6 = 1.3 x 109-+lexp(( - 117 +6)/RT) s -1. (20) 

We assumed further that equation (20) correctly 
describes k 6 over the whole range of temperatures and 
calculated the dependence of 0CH 3 on time (tempera- 

ture) using equation (19) (see Fig. 5). 

The sum 0cn2 + 0OH + 0C can be determined by sub- 

tracting 0CH 3 from the overall surface coverage by car- 

bon-containing species. 
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Fig. 6. Temperature dependences of the rate constants 
obtained from analysis of TPR spectra (Fig. 4) using 

scheme (1I): (1) k 1, (2) k_ l, (3) k 2 + k 2 , (4) k3eff, (5) k 5, and 

(6) k 6. 

Then, we applied the material balance with respect 
to hydrogen to the whole range of temperatures while 
neglecting 0cH: 

30cH~ + 20cH2 + 0cn 

' ' ( 2 1 )  
= 3 0 ~  

o o 

Because 0CH 3 was determined earlier, this equation 

enabled us to determine the sum 20cu ~ + 0cn as a func- 

tion of time (temperature) shown in Fig. 7. This depen- 
dence has the form of two overlapping peaks. 

If scheme (II) is considered true, then the adsorbed 
species CH2 and CH are intermediate products in the 
successive steps of hydrogen abstraction. Therefore, 
the first, low-temperature peak should correspond to 
0cH 2, and the other peak should correspond to 0cH. 

Upon determining 0cH~, 0cH2, and 0cH, we calculated 

0 c using the equation 

0 c = 0~-  0CH ~ -- 0CH ~ + 0CU. (22) 

Thus, we obtained the time (temperature) depen- 
dences for all coverages by carbon-containing species. 
They are shown in Figs. 7 and 8. 

Note that carbon starts accumulating on the surface 
when the concentration of CH groups is still undetect- 
able. The 0c(t) dependence suggests that the rate of car- 
bon formation drastically increases with the appear- 
ance of CH groups. 

The results of this calculation suggest that, in addi- 
tion to the reactions described by the simplest scheme (II), 
one should take into account the process of carbon for- 
mation directly from CH2 groups: 

(2*) [CH2] -- [C] + 2[H], 

with the rate constant k*. 
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Fig. 7. Dependence of 20CH 2 + 0CH on time (temperature) 

(1) calculated by equation (21) and its decomposition into 
(2) 0or b and (3) 0CH calculated by equations (29) and (30), 

respectively; (4) 0cn calculated by equation (25) neglecting 

the reverse reaction; (5) 2 0CH 2 . 
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Fig. 9. Plots of analytical functions and their derivatives 
that describe the dependences of surface concentrations 
of carbon-containing species on time (temperature): 
(1) 100 OH; (2) 0cH 3 ; (3) I00CH2; (4) 50CH, (5) d0cH3/dt, 

(6) 10d0cH2/dt, and (7) 5d0cFl/dt. 

Then, the rate laws for all carbon-containing species 
on the surface are 

functions (27)-(30) are shown together with points that 
describe experimental values. 

Then, equation (23) can be used to determine the 
rate constant k~ if we neglect the term k_l 0cH~ OH. Fig- 

ure 6 shows the Arrhenius plot for this rate constant. 
A characteristic salient point at T--- 650-700 K catches 
the eye. At lower temperatures, the rate constant is 
described by the equation 

kl = 1.1 x 107+-lexp((-ll6• s -I, (31) 

and at higher temperatures, the rate constant is 
described by the equation 

kl = 7.4 x 102+~ • 2)/RT) s -j . (32) 

The salient point on the Arrhenius plot suggests that 
the rate of the reverse process (the recombination of the 
CH 2 group with H) can be neglected in equation (23) 
only at low temperatures. Incidentally, according to our 
estimates (see Fig. 7), at 650-700 K, the CH 2 groups 
appear on the surface in noticeable concentrations. 

Then, we assumed that equation (3 l) describes the 
rate constant k~ in the whole temperature range and sub- 
stituted equation (3 l) into (23). The rate constant k_l thus 
obtained (Fig. 6) is 

k_l = 1.1 x 1013+lexp((-151 +__4)/RT). (33) 

-d0cu3 /d t  = kl0cH3 + WcH, - k_10CH20H, (23) 

d0cH2/dt = kl0cH3 - k_]0cn20H 

- (k2 + kE)0cn2 + k-20cH0rt, 
(24) 

d 0 c n / d t  = kz0c.2 - k_20cH0 a - k30cr I + k_30c0., 
(25) 

d 0 c / d t  = k20cH 2 + k30cH - k_30c0 H. (26) 

To calculate the rates of the formation and consump- 
tion of surface species, we approximated the depen- 
dences 0n(t), 0c.3(t), 0cu2(t), and 0cH(t) by the contin- 
uously differentiable analytical functions 

OH = 11 .36[ ( t -  3)324]exp{-7.524[(t  - 3)037]}, (27) 

0cn3 = 0.87 exp [-(#9.847)3'448 ], (28) 

0cH 2 = 0 . 0 2 5 5 e x p { - [ ( t -  5.672)/2.245]2}, (29) 

0c .  = 0 . 1 1 6 8 e x p { - [ ( t -  10.32)/2.62312}, (30) 

as shown in Fig. 9. This figure also shows the deriva- 
tives of surface concentrations obtained by the differen- 
tiation of approximating functions. Figures 5, 7, and 9 
illustrate high accuracy in the approximation of the sur- 
face concentrations by these functions (the plots of 

The sum of the rate constants k 2 + k 2 was deter- 
mined as a difference between equations (23) and (24) 
by neglecting the term k_20cHOH: 

k2 + k2 (34) 

= - d 0 c H / d t  - d0cH2/dt - WCH4/0CH2. 

The dependence of the sum of the rate constants on 
temperature is shown in Figs. 6 and 10. 

A characteristic inflection point seen in Fig. 6 sug- 
gested that this dependence can be described by the 
sum of Arrhenius functions as shown in Fig. 10. 

The first of these functions characterized by a small 
preexponential factor and an activation energy close to 

zero can be assigned to k* because this constant con- 
tributes mainly to the sum at low temperatures. This 
allows us to explain the formation of surface carbon 
with CH formation. 

The second function describes the constant k 2, 
which is characterized by a normal preexponential fac- 
tor and a high activation energy: 

k 2 = 2 x 10~4+2exp((-210• IO)/RT). (35) 

The rate cons tan t  k 3 was determined from equa- 
tion (26) in the region of high temperatures when the term 

k* 0ca 2 together with reverse reactions are neglected. 
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Fig. 10. A plot of the overall rate constant k 2 + k 2 for CH 2 
decomposition versus temperature calculated by equation 
(30) (dots) and its approximation by the sum of two Arrhe- 
nius functions (curve). 
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Fig. 11. Comparison of the curves of carbon accumulation 
calculated by (1) balance equation (22) and (2) rate law (26); 
(3) the rate of carbon formation calculated using the rate 
constants and surface coverages. 

The apparent rate constant thus obtained is described 
by the Arrhenius equation (see Fig. 6): 

k3~ff = 6 x  1 0 5 + - l e x p ( ( - 9 0 + 5 ) / R T ) .  (36) 

Figure 11 compares the curves of carbon accumula- 
tion obtained from balance equation (22) and differen- 
tial rate law (26) using the dependences of the rate con- 

stants k* and k3eff and surface coverages 0cry2 and 0cr i 
on time and temperature. As can be seen, these curves 
acceptably coincide with each other. 

Analogously, we compared the 0CH(t) dependence in 
the form of function (30) with that obtained by solving 
differential equation (25) while neglecting the reverse 
steps. Figure 7 illustrates the result of this comparison. 
In this case, the solution to equation (25) accurately 
describes the 0cH(t) function at the initial period and in 
the vicinity of the maximum, whereas it gives the val- 
ues lower than those obtained by equation (30) at the 
tail of the curve. This is likely due to the choice of 
approximating function (29), which rapidly decreases 
as moving farther from the maximum, and this results 
in the underestimated rates of CH formation. However, 
for the calculations of this sort, the agreement of the 
results may generally be acceptable. 

The only detail that is not described by scheme (II) 
is that noticeable hydrogen desorption begins 3 s after 
methane desorption (at a 110 K higher temperature) 
(see Fig. 4). In connection with this, for t < 3 s, we 
obtained from equation (10) that OH = 0 (Fig. 5). There- 
fore, the rate of methane formation by reaction 6 from 
scheme (II) should also be equal to zero. A trivial expla- 
nation is that we failed to determine hydrogen desorp- 
tion at the initial stages because of a low sensitivity of 

the mass spectrometer. Therefore, in fact, 0N > 0 and 
WcH, > 0 in this region. Another possibility is the for- 

mation of methane without the participation of adsorbed 
hydrogen via the metathesis reaction 

2[CH3] * [CH2] + CH 4. 

Let us consider the rate constants obtained by analyz- 
ing scheme (II). They are compiled into the table and 
shown in the form of functions of temperature (Fig. 6). 

Note that all rate constant are described well by the 
Arrhenius equation. 

Interestingly, the rate constants of hydrogen atom 
recombination with each other k s and with CH2 groups 
(k_ 0 coincide over a broad range of temperatures (Fig. 6). 
This can be explained by the fact that the rates of these 
processes are limited by adsorbed hydrogen mobility. 

On the other hand, the rate constant k6 of hydrogen 
recombination with adsorbed CH 3 groups in the same 
temperature range is 20-30 times lower than k5 and k_ 1. 
This process is probably limited by the act of recombi- 
nation itself, which is associated with steric hindrances. 
This is reflected in a lowered value of the preexponen- 
tial factor of the rate constant k6. 

A lowered value of the preexponential factor of the 
apparent rate c o n s t a n t  k3eff that describes the decompo- 
sition of surface CH groups into carbon and hydrogen 
is probably associated with the fact that this reaction is 
not elementary, because the reverse process and the dif- 
fusion of carbon into the metal bulk mentioned above 
may occur simultaneously. 

For instance, if we consider that the concentration of 
surface carbon is pseudo-steady-state, k3eff can  be 
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Parameters of rate constants according to scheme (II) 

Reaction k i k ~ s -I E, kJ/mol T, K 

[CH3] - [CH2] + [H] 
[CH2] + [H] �9 [CH 3] 
[CH 2] " [CHI + [H] 

[CH 2] - [C] + 2[H] 

[CH] ,- [C] + [H] 
2[N] ,. N z 
2[H] - H2 
[CH3] + [H] - CH 4 

kl 
k_l 

k2 

k2 

k3eff 
k4 
k5 

/'6 

1.1 x 107+1 
1.1 x 1013• 
2.0x 1014• 

0.7 __ 0.3 

6.0x 105• 
3.0 X 1013• 1.5 

4.0 x 1013 -+ 2 

1.3x l09• 

115+4 
151+4 
210+ 10 

0 + 5  

90+ 5 
280 + 15 
160 + 10 
117+6 

550-670 
660-900 
740--860 

660-760 

900-1100 
1000-1300 
750-950 
700--830 

described in the explicit form: 

k3efe = kak7/(k7 + k_30H). (37) 

A change in the terms in the numerator of equation 
(37) with an increase in temperature probably leads to 
an underestimated value of the apparent preexponential 
factor. 

Based on the analysis of experimental data, we con- 
clude that CH2 groups may directly decompose into 
carbon without CH formation. 

Methyl groups adsorbed on the molybdenum sur- 
face and the products of methyl group decomposition 
(CH 2 and CH) are stable at temperatures below 600 K. 
Methylene groups are less stable and may decompose 
into CH and H or directly into carbon. They also can 
recombine with hydrogen atoms on the surface to form 
methyl groups. 
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