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The methanation of mixtures of carbon monoxide and hydrogen was studied by a novel isotope
transient tracing technique using deuterium. Concentrations of CH,4, intermediates on the surface
of the working catalyst are estimated. The most abundant species are C,4s and CHgq With CHy 46
and CHj .4 being present in smaller proportions. Evidence is presented that the mechanism
involv’es sequential unidirectional hydrogenation of the intermediates by atomic adsorbed hydro-

gen.
INTRODUCTION

Elucidation of the mechanism of metha-
nation of synthesis gas is an active field of
study both because of its intrinsic interest
and because of the close relationship of
methanation to other syntheses based on
carbon monoxide hydrogenation such as
the Fischer-Tropsch synthesis of higher
molecular weight hydrocarbons. Our ear-
lier study (/) indicates that in the case of
methanation carbon monoxide dissociates
to form carbidic carbon atoms that subse-
quently react with hydrogen.

An area of current interest is the nature
of the postulated CH, intermediates pro-
duced by hydrogenation of the surface car-
bon species. Goodman et al. (2) suggested
from preliminary X-ray photoelectron spec-
troscopy studies using nickel catalyst that a
hydrogenated carbon rather than carbidic
carbon may be present. Work by the Shell
research group summarized by Biloen and
Sachtler (3) indicates that methanation pro-
ceeds via rapid formation of a CH,, interme-
diate that is converted relatively slowly to
methane as follows:

fast

COaqs _"_\ CH,

# CH, (1

These studies using *C tracing do not fur-
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nish information on the details of the CH,,
species involved.

Galuszka et al. (4) carried out hydroge-
nations of predeposited carbon from disso-
ciation of carbon monoxide. In these exper-
iments the carbon was first partially
hydrogenated by deuterium, followed by
introduction of hydrogen into the system.
Based on formation of CDHj, it was con-
cluded that CD groups were present on the
surface suggesting that during methanation
CH groups predominate.

Bonzel and Krebs (5) investigated sev-
eral carbon deposits formed on iron after
carbon monoxide hydrogenation using Au-
ger and X-ray photoelectron spectroscopy.
They concluded that the analytical power
of XPS in the case of adsorbed hydrocar-
bons and their fragments is rather limited.
However, their own studies and those of
previous investigators in which C,;H, was
decomposed on catalyst surfaces suggested
that a major fraction of the CH, peak con-
sists of CH 4, Species.

There still seem to be no data reported in
which the intermediates were studied dur-
ing methanation while the catalyst was in
its working state. The transient tracer tech-
nique using deuterium presents an excellent
opportunity to provide further useful infor-
mation concerning this problem.
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METHODS

Apparatus and procedure. The apparatus
is an improved version of that used in ear-
lier studies (/). Figure 1 gives a schematic
diagram of the present equipment which
employs a gradientless recirculating reactor
system often used in studies of this type to
minimize external temperature and concen-
tration gradients. Recent modifications in-
clude the incorporation of a diaphragm
pump (Metal Bellows Corp. MB-4l1) in
place of the all glass piston pump previ-
ously used. The recirculation rate was
thereby increased from 3000 to 6000 ml/
min. At the low temperature of the circulat-
ing stream which is heated and cooled be-
fore and after the reactor there is no
problem with corrosion or catalytic activity
introduced by the metal bellows. Two sy-
ringe pumps were installed in tandem on a
movable stand so that it is possible with a
single movement to simultaneously with-
draw one feed stream containing a mixture
of H, and CO and introduce the other
(traced stream). This permits smooth and
reliable step-up operation by a single opera-
tor.

Inlet and outlet gases were analyzed as
previously using a Finnigan quadrupole
mass spectrometer (Type 1015C). Data ac-
quisition and manipulation have been im-
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proved by means of a data system (Finnigan
6000 Series). All raw data are recorded on a
disk memory. In calculation of a sample
composition from mass spectral data, infor-
mation from the complete set of observable
mass peaks is employed. This corresponds
to a larger number of peaks than the com-
ponents present and the computation pro-
cedure involves solving an overdetermined
set of linear equations. A prime computer
Model 350 was used for analysis of the ex-
perimental data.

The basic experimental procedure em-
ployed uses a so-called superposition tech-
nique. After steady state is reached with a
given mixture of hydrogen, carbon monox-
ide, and helium, which may take several
hours, the feed stream is rapidly switched
to one containing D,/CO in exactly the
same proportion as that in the original Hy/
CO feed while maintaining a constant for-
ward flow of diluent helium. It was found
by continuous monitoring of the effluent
analysis that there was no Kinetic isotope
effect so that the rate of CO conversion re-
mained the same except that a transient set
of deuterated methanes was produced.
Thus the data obtained correspond to the
catalyst in its working state. A given set of
data was modeled employing various as-
sumed mechanisms.

A second technique, described as **wash-
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ing,”” was employed in conjunction with the
basic superposition technique to provide
corroboration of the assumptions used in
modeling and to provide a value for Cl, the
carbidic carbon deposit. In a typical experi-
ment using this ‘‘washing’’ technique a
mixture of hydrogen, carbon monoxide,
and helium is fed to the reaction system
until steady-state methane formation is at-
tained. Then unreacted species are de-
sorbed by purging for about 30 min with
helium, leaving only chemisorbed interme-
diates that would require reaction with hy-
drogen to render them removable. These in-
termediates are then ‘‘titrated”’ by
switching to a feed stream consisting of
deuterium alone at the same rate as the
original hydrogen feed and analyzing for
deuterated methanes recovered in the efflu-
ent. Thus the total CD, content of the efflu-
ent stream would correspond to adsorbed
carbidic carbon C!/ present on the catalyst;
CHD; would correspond to CH!/ adsorbed;
CH,D, would correspond to CH,/; CH3;D
would correspond to CHj/. This assumes
that no reactions occur during this opera-
tion other than deuteration of adsorbed hy-
drocarbon species. Those apparent inter-
mediates can be roughly compared with
those predicted by modeling the superposi-
tion data assuming various mechanisms.
The results of washing are, of course, not
influenced by possible kinetic isotope ef-
fects. Washing provides an estimate for the
C! species concentration which cannot be
determined by deuterium tracing alone.

Method of correlation. As in previous
studies in which 3C and ®0 were used, the
system is assumed to consist of a number of
cells or compartments each containing one
of the intermediates or terminal species.
Reactants in one compartment are assumed
to be equally accessible to those from an-
other with which they interact. In earlier
studies (I, 6), the dependent variables for
modeling were taken as fractional markings
of tracer. In those cases the redistribution
of tracer could be expressed in terms of
systems of linear differential equations with
constant coefficients.

With deuterium tracing such a sim-
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plification would result in the loss of in-
formation conveyed by the distribution of
deuterium among species containing more
than a single deuterium atom. Therefore the
basic material balances were expressed in
terms of the concentrations of deuterated
species involved. It was possible to still
retain a system of linear equations by ex-
pressing the fraction of hydrogen in the
compartment involving chemisorbed hy-
drogen—deuterium as an observed known
function of time.

Since in our experiments the hydrogen or
deuterium taking place in the methanation
reaction is adsorbed on the nickel compo-
nent of the catalyst, it was assumed that the
fraction of deuterium participating in reac-
tion is the same as that observed in the gas
phase. This assumption of equilibrium is
supported by studies cited by Ozaki (7) in
which it is indicated that adsorption of hy-
drogen on nickel is rapid and reversible.
This assumption in addition to providing
the desired relationship for modeling of
the hydrogenation of carbonaceous species
simplifies the modeling procedure by allow-
ing reaction steps involving formation of
deuteromethanes to be considered sepa-
rately from intermediates containing oxy-
gen.

It was found that the fractional concen-
tration of hydrogen on the catalyst surface
or in the gas phase could be accurately
fitted by an exponential curve of the follow-
ing form:

CHl
f=v = exp(-k) 2
where f = fraction of C¥ on the surface
of the total H/ and D/ species
CH = concentration of H!/ on the
catalyst surface, ml/g catalyst
NTP
C° = concentration of H!/ + D/ on
the catalyst surface. It is as-
sumed C°® = CH + CD!
k = a constant
= time (min) (¢t = 0 when D, is
introduced)
In our previous study (/) it was thought
that an isotopic Kinetic effect might be re-

..
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sponsible for the observed deuterium distri-
bution which was not random, but this did
not prove to be the case. It was observed
that the delays in marking of deuterated
species and their maximum concentrations
occurred sequentially. Therefore it was de-
cided to attempt modeling on the basis of
the assumption that hydrogenation oc-
curred sequentially and unidirectionally.
This resulted in good agreement with the
data and is the model employed in the
present study.

The model used was reported by us pre-
viously (6) and assumes the following
mechanistic steps for methane production:

H, + 2/=2H!
CO + [=COl
COl+1—~Cl+ 0l
Cl+ HI—=CHI+ 1
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CHI!/ + HI - CH,l + |
CH,l + HI — CHyl + I

CH,/ + Hl — CH, + 2 (3
where [ represents active surface sites. The
first two steps are assumed to be rapid, and
at equilibrium. The third step is taken as
unidirectional because the low concentra-
tion of surface oxygen O! would prevent
the reverse reaction occurring to any great
extent even if its rate constant were high, as
indicated by studies of Biloen and Sachtler
(3). Preliminary modeling calculations indi-
cated that the concentration of adsorbed
methane CH,/ was very small so it is not
included in the mechanistic sequence.

The following 14 material balance equa-
tions can then be written corresponding to
the 5 terminal species CH,, CH3D, CH,D,,
CHD;, and CD, and the 9 partially hydro-
genated intermediate adsorbed species.

dCCDl _ CCDl
a V(l -f- Cz)
dCCHl _ CCHl
a V<f - cz>
dcers /Cot CCDy
ai V( C, - Ca)
dC CHDI (C CHI CC CCHD[)
=y 1-p+E7 -
dt C2 ( f) C2 C3
dCCHal <CCHI ~ CCH2'>
a W
4
dCena CcDz CCDyt (42)
dt ‘V<C3 (1=f) - C4>
dceowv cemol CCPt (CHD;
di ‘V(ca A-H+-7Ff- c4'>
dCeHm ool (CCHDL CCHyD!
dr ‘V<c3 =N+ f- c,')
dCcHsl <CCH21 (CHgl
a -\ /- c4)
dCCD4 _ _V_“/_ CCD3l CCD4
B \ G (l_f)_C5>'
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dC CHD3 W CHDa2! Dsl 'CHD3

dt :=7§<Cc4 =5+ f‘gf:)
dCCHD2 YW [ CH2DL CHDy! CHgD,

dr =7TG}; -5+ f‘Cq )

> (4b)

dC CH3D W CCHal CCHZDl CCHaD

i - B ( (- o - )

dCCH4 VW CCHal CCH4
d B ( )

where C, = CCD! + CCH!

C’3 = CCDzl + CCHDl + CCHZI

C, = CCDsl 4 (CCD,H 4 (CCDHyl
+ (CCHyl

Cs; = CCPs + CCHDs 4 (CCHyD,
+ (CCHsD 4+ (CCH,4
this is an observed constant
corresponding to the steady-
state concentration in the
product of CH,D,_, (x = 0-
4)

C% = concentration of ith species on
catalyst, ml/g (NTP)
i = CD,CH, CD,;, CHD, CH,,
CD;, CHD,, CH,D, CH;

C! = concentration of ith species in
vapor phase, vol fraction
i =CDy,, CHD3, CH,D,,
CH;D, CH,

CHl

f= T = exp(—kt)

V = velocity of CH,D,_, (x = 0 to
4) production, ml/min/g cata-
lyst (NTP)

= weight of catalyst, g
= dead space, ml.

This set of differential equations de-
scribes the population distribution of all
species, intermediates, and product compo-
nents, according to the proposed mecha-
nism. It can be expressed in matrix form as:

dx

dt

where x = a vector of concentrations of all
products and intermediates

=Ax+b )

A = a matrix containing all the con-
stants and the time variant
function f

b = a vector determined from the
input of tracer in the feed that
contains the time variant func-
tion f.

The 14 equations (4) are not all indepen-
dent because the sum of the fractional con-
centrations for each of the compartmental
components must equal unity. Thus for ex-
ample,

C CcHI CCDl

< + youl 1. (6)
There are four such relationships corre-
sponding to the four parameters so that
only 10 of the equations are independent.

In principle, a solution for one of the
terminal species should provide sufficient
information to determine C,, C;, and C,.
The parameter C, corresponding to Cl con-
centration cannot be determined by deute-
rium tracing. In practice the curves giving
the CH, and CD, transients can be fitted to
a high degree of accuracy by expressions
involving only one or two exponentials so
they do not furnish sufficiently accurate in-
formation for discrimination between the
parameters. Therefore the intermediates
that go through maxima in concentration
are the most useful for providing informa-
tion on values for assumed parameters
which, of course, require expressions with
several exponentials. Also all 10 of the in-
dependent differential equations are not re-
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quired to fit the data for each separate ob-
served deuteromethane. Thus, to fit the
CH,D, data requires eight equations,
whereas the CHzD or CD;H concentra-
tion changes can be expressed by seven
differential equations. In addition to requir-
ing one additional equation for correlation,
CH,D, data showed the greatest scatter be-
cause of interference with other compo-
nents. Therefore the basic modeling proce-
dure was carried out with the data for
CH;3D and CHD; transients taken together,
which require eight equations. The surface
concentrations thus obtained were used to
plot values of the remaining species, —-CH,,
CH2D2, and CD4.

The method that we previously employed
(1) could in principle be used to solve the
sets of first-order linear equations with
time-dependent coefficients but it proved
difficult to obtain satisfactory convergence
with the number of equations needed for
deuterium tracing. We therefore took ad-
vantage of the fact that the reactions could
be modeled as unidirectional by solving the
equations analytically instead of using a
computer routine to solve them numeri-
cally. Other features of the previously de-
scribed method were retained including the
statistical treatment that provides informa-
tion on goodness of fit.

RESULTS
Adsorption Experiments

The same catalyst containing 60 wt%
nickel on kieselguhr (supplied by Harshaw
Chemical Co., Harshaw-104T) was used as
in our previous studies. Because of the im-
portance of chemisorption of species in-
volved, additional data were obtained to
supplement those previously reported. In
conducting these experiments catalyst was
initially reduced under a hydrogen flow at
480°C for 24 hr. Before each experiment, it
was reduced again for 2 additional hr and
degassed under less than 10~ Torr for 1 hr
at 227°C since adsorbed hydrogen is readily
desorbed at this temperature (8). The sur-
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face area of this pretreated catalyst is 87
m?/g.

Adsorption data were obtained using a
method similar to that published by Van-
nice (9). In this method an isotherm is ob-
tained between 50 and 200 Torr over a 15-
min period; the apparatus is evacuated for 2
min to remove reversibly held gas, then a
second isotherm is obtained in the same
manner as the first. The difference between
the two isotherms at 200 Torr is taken as the
measure of chemisorption. For hydrogen
this procedure yielded a value of 7.18 ml/g
(STP) when adsorption was conducted at
27°C.

Adsorption of carbon monoxide was
more complicated. Whereas in the case of
hydrogen adsorption equilibrium at 27°C
was attained in 30 min, in the case of car-
bon monoxide equilibrium was not reached
even after 24 hr. Using the method of Van-
nice with 15 min adsorption time, we ob-
tained a value of V,, = 12.26 ml/g (STP) at
27°C. This amounts to 1.71 times the
amount of hydrogen adsorption at that tem-
perature, in rough agreement with the ratio
of 2.29 obtained by Vannice with a 5% N/
Al,O4 catalyst. Apparently at room temper-
ature carbon monoxide does not decom-
pose upon adsorption because no carbon
dioxide formation is detected. Whereas hy-
drogen is adsorbed dissociatively at both 27
and 227°C, carbon monoxide adsorption ap-
pears to involve single bonds. The amount
of CO adsorbed at 27°C increases to more
than four times that of hydrogen adsorption
without reaching equilibrium, so that it is
possible that more than one carbon atom is
bound to a single surface nickel atom.

At higher temperatures decomposition of
carbon monoxide occurs upon adsorption,
evidently following the Boudouard reaction

2CO +1=CO, + CI N

at 227°C this equilibrium is reached within
60 mins. Carbon deposition can be readily
evaluated from the amount of CO, pro-
duced. Employment of a Langmuir plot
gives V,, = 17.26 ml/g (STP) for carbon
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deposition, corresponding to slightly more
than a monolayer based on hydrogen ad-
sorption data.

Methane adsorption at 228°C was ob-
served and equilibrium was attained within
45 mins. Employment of a Langmuir model
for the adsorption gave V,, for methane of
0.75 ml/g (STP).

Deuterium Superposition and Washing

Four series of superposition and washing
experiments are given in Tables 1 and 2.
These runs were conducted under roughly
parallel operating conditions for a range in
temperature and concentration of reacting
species. Values for outlet flow rates re-
ported were obtained by utilizing C, H, and
O material balances together with mass
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spectrometric analyses for hydrogen and
CO,.

It is difficult to exactly match deuterium
superposition and washing runs taken at
different times. Very slight changes in feed
composition can result in large changes in
steady-state composition of the recirculat-
ing stream. The steady state itself often
requires several hours of operation to
achieve. Therefore correspondence in
these parallel runs is only approximate but
still of sufficient accuracy to show that the
two methods give essentially the same
results as far as populations of surface spe-
cies are concerned.

For the runs reported in Tables 1 and 2
for such parallel experiments, the concen-
trations of surface species reported were

TABLE 1

Deuterium Superposition and Washing—210°C#

Series 1

Series 2

Run #021081

Run #020681 Run #021681 Run #021981

Superposition Washing Superposition Washing
(H during prereact. (H during (H during prereact. (H during
D during step-up) prereact. D during step-up) prereact.
only) only)
Inlet flow rate, ml/min (NTP)
H; or D, 3.0 3.0 2.5 2.5
CO 1.0 1.0 1.0 1.0
He 84.15 83.56 79.9 79.9
Outlet flow rate, ml/min (NTP)
H,D, ,(x = 0-2) 1.01 1.05 1.00 1.03
co 0.24 0.29 0.43 0.41
CO, 0.05 0.05 0.05 0.05
H,D,_,0(x = 0-2) 0.66 0.61 0.47 0.47
CH,_Dy .(x = 0-4) 0.71 0.66 0.52 0.52
Calc. surf. conc., mlg (NTP)?
Modeling Wash. (integral of Modeling Wash. (integral of
deut. wash. response) deut. wash. response)
Cl Not modeled 2.41 Not modeled 1.97
CH! 4.41 + 0.05 4.93 3.41 = 0.06 4.09
CH,l 0.66 = 0.00 0.44 0.57 = 0.00 1.59
CHjl 0.75 + 0.02 1.46 0.66 = 0.02 1.32

2 Weight of catalyst, 2.43 g; pressure, 1 atm; dead space, 118 ml.
b Derivatives for parameters are computed estimates of standard errors.
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TABLE 2

Deuterium Superposition and Washing-—230°C®

Series 3 Series 4
Run #121980 Run #122280 Run #083181 Run #090981
Superposition Washing Superposition Washing
(H during prereact. (H during (H during prereact. (H during
D during step-up) prereact. D during step-up) prereact.
only) only)
Inlet flow rate, ml/min (NTP)
H; or D, 2.5 2.5 1.0 1.0
Co 1.0 1.0 1.0 1.0
He 93.7 96.3 99.83 101.03
Outlet flow rate, ml/min (NTP)
H,D; ,(x = 0-2) 0.36 0.40 0.35 0.52
CO 0.02 0.04 0.65 0.77
CO, 0.20 0.20 0.10 0.08
H.D,_.0(x = 0-2) 0.58 0.56 0.15 0.17
CH/Dy..(x = 0-49) 0.78 0.76 0.25 0.15
Calc. surf. conc., ml/g (NTP)®
Modeling Wash. (integral of Modeling Wash. (integral of
deut. wash. response) deut. wash. response)
Cl Not modeled 0.64 Not modeled 0.98
CH!I 2.00 0.85 2.45 = 0.40 1.59
CH,!/ 0.44 0.50 0.51 = 0.00 0.52
CHj! 0.48 0.63 0.83 + 0.04 0.39

@ Weight of catalyst, 2.43 g; pressure, 1 atm; dead space, 118 ml.
® Derivatives for parameters are computed estimates of standard errors for Run #083181; an estimate was not

possible for Run #121980.

obtained by quite different procedures. In
the case of deuterium superposition they
were computed according to the modeling
procedure and reflect surface concentra-
tions during steady-state methanation.
Results obtained for deuterium washing
were obtained by integrating the curves giv-
ing production of deuteromethanes during
the washing period following methanation
and purging.

It is seen that correspondence between
superposition and washing is reasonable,
providing confirmation of the basic assump-
tions used in deriving this information. In
all cases the predominant surface interme-
diate is CH! with a smaller proportion of
Cl. Measurable but considerably smaller
proportions of CH,! and CH,!/ are present.

At the higher temperature (230°C), a sub-
stantially increased production of CO, and
reduced concentration of surface species
was observed.

Several additional observations during
washing are pertinent since this technique
represents a simple method of obtaining
data once its validity has been established
via the superposition technique. During
washing experiments very little methane
was recovered in the effluent, indicating
that the high relative concentration of deu-
terium during washing tended to reduce hy-
drogenation of chemisorbed species. The
fact that CHI produced during washing was
no higher than that during superposition in-
dicates that decomposition of carbona-
ceous intermediates did not occur during
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washing to produce less reactive Cl de-
posits as was probably the case in (1) when
a long purging period was used.

After the washing experiment Run No.
090981 in Table 2, the temperature was
raised to 300°C and deuterium flow was
continued. There was no further evolution
of CD,, indicating that no very unreactive
carbon remained on the catalyst. Though
washing gives the total amount of surface
carbon deposited on the catalyst, it does
not distinguish between the reactivity of
surface carbon species that are present un-
der conditions of steady state methanation.
According to studies by McCarty and Wise
(10) several species with different reactivi-
ties can be obtained by CO decomposition.

In order to illustrate the type of informa-
tion obtained by superposition and wash-
ing, detailed results are given for Run No.
021081 reported in Table 1. Figures 2-6

(ML/MIN) X 100
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show the development of transient rates af-
ter substitution of deuterium. In each figure
the smooth curve obtained by computer
simulation is plotted along with the broken
curve representing observed data. As dis-
cussed previously, the data for CH;D and
CHD; were modeled together to obtain the
desired surface concentration parameters.
Since the solutions were obtained analyti-
cally, the curves shown in Figs. 3and 5 can
be represented in closed form as follows,
after division by the total flow rate:
i=9

( CHsD — 2 Cie""" (8)
ia

i=14
CCHDg — 2 Cie—kit_ 9)

i=1
Table 3 gives values for the constants corre-
sponding to the curves plotted in Figs. 3
and 5, together with the function f which is

TIME (MINUTES)

Fi1G. 2. Methane transient—Run #021081. Superposition: A, computed curve; X, experimental data.
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g ) 30

TIME (MINUTES)

Fi6. 3. Monodeuteromethane (CH;D) transient—Run #021081. Superposition: A, computed

curve; X, experimental data.

obtained by modeling the deuterium-hy-
drogen variation with time. The curves for
the other three components were also gen-
erated from analytical solutions corre-
sponding to the same parameter values,
Fig. 2 (CH,), Fig. 4 (CH,;D;), and Fig. 6
(CD,). The calculated values are in good
agreement with the independently obtained
step-up data, although these data were not
used to determine the parameters. It must
be emphasized that the five computed ve-
locity profiles are based on a model with
only three free parameters and are not
merely empirical data correlations.

Concentrations of methane shown in Fig.
2include methane present in the dead space
at the beginning of the step-up experiment.
In modeling it was assumed that hydrogen
in methane exchanges only to a negligible
extent with deuterium as shown in our pre-
vious paper (/).

Experimental results for dideutero-
methane in superposition experiments,
such as plotted in Fig. 4, were obtained by
difference from the overall material balance
for methanes because of substantial scatter
in the direct spectrometric determination
due to interference of peaks from neighbor-
ing species. Such problems in CH,D, deter-
mination account for the more irregular
shape of experimental curves for this spe-
cies.

Note the sequential delay in appearance
of increasingly deuterated species and the
corresponding appearance of maximum
concentrations of these transitory interme-
diates. Calculations based on data shown in
these figures and the value of f given in
Table 3 show this effect more quantita-
tively. For example, at about 10 min after
switching to D, the HD composition is
about 80% D but the average D content of
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TIME (MINUTES}

F16. 4. Dideuteromethane (CH,D,) transient—Run #021081. Superposition: A, computed curve; X,
experimental data.

uw 1
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Fi1G. 5. Trideuteromethane (CHD;) transient—Run #021081. Superposition: A, computed curve; X,
experimental data.
324
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TABLE 3

Analytical Solutions for Surface
Concentrations of CH,D and CHD,
during Superposition (Run #021081)

i C; K;
9
o = 3 e
i=1
1 —20.41 0.49
2 -11.79 0.66
3 15.72 0.39
4 -1.97 0.58
5 2.18 0.75
6 75.74 0.56
7 —1.65 0.39
8 —57.80 0.52
9 0.001 118.17
14
CCHD; = 3 C o™X
=1
1 2.70 0.16
2 29.71 0.33
3 —26.93 0.49
4 —28.97 0.66
5 1.48 0.06
6 —20.50 0.22
7 —86.76 0.39
8 142.80 0.55
9 -5.49 0.41
10 -11.79 0.58
11 3.36 0.75
12 70.04 0.36
13 —-79.14 0.52
14 9.49 118.17
f — e—o.lsﬁl

the deuteromethane mixture is only about
50% D. Also with unidirectional hydroge-
nation of C/, it was not found possible to
model the system by addition of H,! instead
of atomic HI.

Statistical comparison (//) between our
model and models with more than 10%
backward velocity of a single step in Eq. (3)
showed that the higher the ratio of N_¥V
the poorer the latter models will be, indicat-
ing that little scrambling exists.

In the case of deuterium washing for the
parallel experiment, Run No. 020681, Fig. 7
gives rates of evolution of the deutero-
methanes. Quantitative interpretation of
the kinetics is not possible in washing ex-

325

periments because rates will change as indi-
vidual species are removed from the cata-
lyst. The results given in Tables 1 and 2 are
obtained by integration of such curves to
give the total amount of each species pro-
duced during the washing. The value of car-
bidic carbon corresponding to CD, produc-
tion could not result from any process other
than addition of deuterium to a carbon de-
posit, because ‘‘enolic’” or partially hydro-
genated CH,, species, if present, would con-
tain hydrogen.

DISCUSSION

The present study was conducted well
below temperatures at which formation of
nonreactive graphitic carbon is reported to
occur (370°C) in the comprehensive studies
of Goodman et al. (12). Under our condi-
tions (230°C), even the maximum carbon
concentration deposited from carbon mon-
oxide in the absence of hydrogen (approxi-
mately one monolayer) could be hydroge-
nated to methane. Therefore steady-state
hydrogenation of CO could be conducted at
all Hy/CO ratios with a range of surface
coverages. However, the amount of carbo-
naceous deposit falls rapidly to a fraction of
a monolayer as the Hy/CO ratio is increased
and then remains relatively constant over a
substantial range. Values for CH_/ are
somewhat less at 230°C than at 210°C as
reported in Tables 1 and 2. Data previously
reported (/, 6) using 3CO tracing show
similar effects of temperature. However,
the CH,! concentration obtained by 3CO
tracing agrees more closely with that mea-
sured in the present study by deuterium
superposition rather than by inclusion of
the additional C! observed by washing.
More study will be required to confirm this
conclusion, which would indicate that the
surface concentration of reactive carbon
entering into the methanation mechanism is
relatively small.

Coverages obtained by us are in approxi-
mate agreement with data obtained by
Goodman et al. (2) under somewhat dif-
ferent conditions on a nickel (100) crystal
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surface. These authors did not report in-
creased CH,! deposition at lower tem-
peratures but the time scale for their
experiments (17 min) was somewhat
shorter than we usually employed.

The low value of CH! reported for Run
No. 122280 may be due to the low propor-
tion of CO in the circulating gas stream
which makes it difficult to attain steady-
state conditions.

In the present studies with Hy/CO ratios
in the circulating gas stream as low as 0.5/1
the concentration of C/ was always less
than that of CHI. The high ratio of C!/ to
hydrogenated species reported in Table 6 of
our first paper (/) is probably due to the
extremely long time of 276 min of helium
purging during which degradation of the ad-
sorbed hydrocarbon intermediates could
occur. In the present studies, we found that

S0

(ML/MIN} X 10C
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a much shorter period (about 30 min)
sufficed to remove unreacted methane. In
the earlier study we were especially inter-
ested in showing qualitatively the presence
of hydrocarbon intermediates, since it had
not then been possible to model the deute-
rium step-up data.

At higher temperatures and/or lower Hy/
CO ratios than those employed in the
present study it is, however, likely that the
C! concentrations would exceed that of
CH! because under such conditions it is
known that nickel catalysts are deactivated
by graphitic carbon deposition. Study of
the conditions under which this change oc-
curs could be useful in optimizing catalyst
operating conditions.

The transient superposition technique
used in this study maintains a steady-state
reaction throughout a set of observations as

TIME (MINUTES)

FIG. 6. Tetradeuteromethane (CD,) transient—Run #021081. Superposition: A, computed curve; X,

experimental data.



ISOTOPE TRACING OF METHANATION

100 -1

(ML/MIN.) X 100.

327

TIME (MIN)

FIG. 7. Deuteromethanes produced during washing—Run #020681.

contrasted with pulse and XPS techniques.
This has the advantage that intermediates
will not change in concentration once the
system has been brought to steady state. It
is thus easier to model the data obtained.
Since a correspondence has been found
in this case between superposition and
washing, the latter technique could be em-
ployed to obtain data more rapidly with
similar catalysts. If similar mechanisms ap-
ply with other catalysts, it might be possible
to use this procedure as a screening tech-
nique. Postreaction analysis via the spec-
troscopy of choice might very well corre-
late with parallel superposition results.
Another profitable direction for applica-
tion of these methods should be in the study
of the Fischer-Tropsch reaction. It is
thought (3) that CH,, intermediates similar
to those generated in the formation of meth-
ane are precursors for the production of
higher molecular weight hydrocarbons.

Identification of the mechanisms involved
in Fischer-Tropsch synthesis could be
readily conducted by extension of the
present methodology.

The results presented here do not de-
pend on kinetic relationships for rates of
methane production as a function of pres-
sure, temperature, and concentrations of
ambient species. Thus it is not necessary
to employ the usual assumptions involved
in Langmuir-Hinshelwood Kkinetics or to
specify a rate-controlling step. From the
results reported here it is clear that a num-
ber of intermediates can exist at apprecia-
ble concentrations. Evidently the rates of
hydrogenation of C!/ and CH/ are important
factors in the determination of reaction
rate.
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