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The methanation of mixtures of carbon monoxide and hydrogen over a supported nickel catalyst
was studied by transient isotopic tracing with '*C, '*O, and D. A mechanism is proposed based on
computer modeling which takes into account results from a wide variety of data. Evidence is
presented that rate controlling steps involve hydrogenolysis of chemisorbed CH,. species (x = 0-3)
rather than only the splitting of carbon monoxide or the formation of an “‘enolic’’ intermediate.
Carbon dioxide formation appears to occur directly rather than through the water gas shift reaction.
The computer program enables estimates to be made of concentrations of intermediates as well as

velocities of individual steps in the mechanism.

Under reaction conditions predominant adsorbed

species appear to be carbidic carbon plus hydrogenated hydrocarbon intermediates.

INTRODUCTION

We have studied a number of industrial
reactions using commercial catalysts under
steady-state reaction conditions in which
superposed tracer transfer was also at
steady state (/). Use of this technique often
makes it possible to determine individual
step velocities in a reaction mechanism
when the overall reaction is reversible. It is
not possible to determine the concentra-
tions of surface intermediates, however.

Beginning in 1972 we extended steady-
state isotope tracing to a technique using
transient isotope superposition (2) and re-
cently demonstrated its applicability in a
study of the oxidation of carbon monoxide
over Hopcalite catalyst (3). The elementary
step velocities as well as surface concentra-
tions for this reaction were estimated.

If a gradientless recirculating reactor is
employed, the material balances represent-
ing isotopic transfer result in a system of
simultaneous linear algebraic equations for
steady-state isotopic transfer. In the case of
transient tracing the redistribution of tracer
is instead described by a set of simulta-
neous linear differential equations with con-
stant coeflicients. To our knowledge this
technique has not been applied by other
investigators to catalytic studies, though, of

course, transient kinetic studies both with
and without use of isotopic tracing are not
new.

Mathematically such systems are analo-
gous to networks of continuous stirred tank
reactors or compartments. The number of
compartments is equal to the number of
terminal species and intermediates. The
step velocities are represented by intercon-
nection between them. Transient tracing
using isotopes has been applied to physio-
logical and biochemical systems and excel-
lent reviews by Berman (4-6) discuss the-
ory and applications of compartmental
models in these fields. In biological systems
radioactive tracers with high activity are
usually introduced in small concentrations
and the differential equations are linearized
by taking advantage of the fact that a small
perturbation of a nonlinear system behaves
linearly (6 ). Our technique of superposition
enables the transients to be described by
linear differential equations without using
small concentrations of tracer.

Recently Le Cardinal et al. (7) applied
this superposition technique to homoge-
neous chemical reaction systems. Their pa-
per was discussed further by Happel (8)
and Le Cardinal (9). The form of equations
given by Le Cardinal is not directly applica-
ble to our studies since it involves no
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holdup of chemisorbed species on a solid
catalyst. Le Cardinal’'s paper, also dis-
cusses some interesting aspects of the prob-
lem of identifiability of the parameters in-
volved in a given model.

Another aspect of isotope Kinetics is that
the distinguishability of parameters is im-
proved because a much richer collection of
data is available and the correlating equa-
tions are simpler. A set of experiments is
conducted at constant temperature, pres-
sure, and concentrations of reacting spe-
cies: This requires more experimentation to
obtain a range of kinetic information, but
the usual kinetic studies must generally
deal with much more complicated sets of
equations (/0, /7).

A number of reviews are available dis-
cussing various aspects of the chemistry
and mechanisms for catalytic methanation
over various metals (/2-/4) using tech-
niques other than those employed in this
study. The overall reaction over nickel pro-
ceeds at a high rate and selectivity as
follows:

CO + 3H, = CH4 + H,O. (D

However, CQ, is also produced to a sub-
stantial degree as the ratio of H,/CO in the
reacting gases is reduced. This can be rep-
resented by a second reaction:

2CO + 2H, = CH, + CO,. (2)

Reaction (2) can be obtained by adding to
reaction (1) the water gas shift reaction:

CO + H,0 = CO,; + H,. (3)

Any two of the three reactions shown by
Egs. (1)<(3) may be chosen as independent
reactions to predict equilibrium yields. This
does not imply that the kinetics proceed
first by reaction (1) followed by reaction
(3). Ponec (/4) concludes that CO, is pro-
duced directly by reaction (2) and our own
studies, discussed later in this paper, sup-
port this.

Some studies have addressed the ques-
tion of whether chemisorbed CO adds H,
directly to form a hydroxy carbene or

“*enolic’’ type intermediate or whether it
first dissociates to form an adsorbed carbon
or carbidic species which subsequently re-
acts with hydrogen. The presence of H,-
CO surface complexes has not been ob-
served by infrared spectroscopy (/5-/8)
and other more recent research (/9-23)
lends great weight to the latter hypothesis.
Another unresolved question is the na-
ture of the rate-determining step of the
mechanism. Our studies support the pro-
posal of Araki and Ponec (20) that it in-
volves the hydrogenation of adsorbed car-
bidic or CH, species rather than
chemisorption of CO or the rate of initial
intermediate formation whether it be enolic
or carbidic. Our studies for the first time
present clear evidence of the presence of
surface hydrocarbon intermediates during
methanation over nickel catalyst.

METHODS
Apparatus and Procedire

The apparatus employed in this study
was a gradientless recirculating all-glass
open flow reactor (24). It consists of a
catalyst chamber, a magnetically activated
piston pump, check valves, high-tempera-
ture solenoid coils, a recycle rotameter,
and associated connecting tubing (see Fig.
1). The entire reactor was surrounded by a
heater and the system has been operated at
temperatures up to 480°C. Helium or hy-
drogen was used as a carrier gas. A feed gas
mixture of hydrogen and carbon monoxide
is injected into the system using 100-ml
syringe pumps (Sage Instruments, Model
35D).

Inlet and outlet gases were analyzed with
a Finnigan quadrupole mass spectrometer
(Type 1015C) with the electron energy fixed
at 50 eV. The reaction system was con-
nected to the spectrometer to either pass
reactor effluent through P,0O; to remove
water or to pass it directly into the spec-
trometer. For steady-state operation of un-
marked gases the peak heights at m/e = 15,
m/e = 18, m/e = 28, and m/e = 44 were
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Fic. 1. Schematic diagram of recirculating reactor system.

used to obtain the realtive concentration of
methane, water, carbon monoxide, and
carbon dioxide respectively. These peak
heights were proportional to the corre-
sponding concentration when concentra-
tions were less than 3% (v/v) when diluted
with helium or hydrogen. A background
peak at m/e = 29 was observed in the
unmarked feed due to the natural abun-
dance of “C (1.11%). The m/e = 29 peak
was employed to determine the extent of
C marking in CO during tracer experi-
ments, making suitable corrections for
background and the operation of the helium
separator. For '*CH, analysis, the peak
height at m/e = 17 was employed with
corrections. In some cases water was re-
moved by P,0O; to check the analysis.
13CO, was analyzed by measurement of the
peak height m/e = 45.

In each experiment the catalyst was
heated at 480°C under a hydrogen flow for 2
hr before the run. Reactants were then
introduced into the system with the syringe
and steady state was usually attained within
1 or 2 hr. Then, the syringe feeding un-
tagged compounds was replaced quickly
with another syringe containing the tagged
material. This procedure corresponded to a
step function (step-up) of the tagged species
in the reaction while the overall reaction
was still steady. The increase in the tagged
atoms in reactants and products was fol-
lowed with the mass spectrometer.

Exceptions were made to this procedure
in the qualitative experiments reported in
Tables 1-6. For results reported in Tables 3
and 4 the reactor was operated partly as a

closed system in an attempt to observe
possible reverse reaction. In the deuterium
tracing experiment reported in Table §,
hydrogen flow was completely replaced by
deuterium.

Dead space in the reactor system was
obtained by curve-fitting of the changes in
mje = 28 with time after step-function
introduction of nitrogen into the system.
This was checked by use of argon in place
of nitrogen. It was assumed that rapid mix-
ing occurred in the system. The result was
checked by integration of the time curves
as compared with the known rate of nitro-
gen introduction, The recirculation rate
was approximately 3000 ml/min, Calcula-
tions indicate that with the very low reac-
tion rate and dilute mixtures employed in-
terphase and intraphase concentration and
temperature gradients are negligible. In the
studies reported here the dead volulme 8 =
206.1 ml in all cases.

In reporting tracer levels, in all cases the
definition of tracer level z' following Eq. (4)
was employed. Thus for deuterium tracing,
for example,

concn of D, + } concn of HD

ZHz — X
concn D, + concn H, + concn HD

Generally operation was conducted at
atmospheric pressure. Temperature of op-
eration is noted in individual experiments
and was usually not far above 200°C. This
temperature was chosen to obtain conven-
ient rates of reaction for observation of
tracer transients.

The catalyst used was nickel supported
on kieselguhr supplied by Harshaw Chemi-
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cal Company H104T (60 wt% Ni), crushed
and screened to 30-60 mesh size. In all the
present studies the same initial charge of
catalyst weighing 0.744 g was used. Hydro-
gen (99.9999% pure), deuterium (99.5%
pure), helium (99.999% pure), methane
(99.97% pure), and carbon monoxide
(99.99% pure) were obtained from Mathe-
son Gas Company. Perdeuteromethane
CD, (99% pure) and tagged methane '*CH,
(90% pure) were obtained from Stohler
Isotope Chemicals Company. Heavy water
D,0 (99.8% pure), tagged carbon monoxide
13CO (98.7% pure), and tagged carbon mon-
oxide C'80 (99% pure) were obtained from
Bio-Rad Laboratories. All components
were used without further purification for
preparing feed mixtures.

Method of Correlation

The data obtained in the quantitative
experiments consist of the overall steady
rates of product formation from the feed
gas together with the transient fractional
markings. A nonlinear least-squares regres-
sion technique (3) is employed for com-
puter analysis of the fit of various mecha-
distic models to the data. The unknown
parameters to be found for each postulated
model can be expressed by a set of simulta-
neous linear differential equations with con-
stant coefficients. These parameters consist
of the concentrations of chemisorbed inter-
mediates together with reverse velocities of
those mechanistic steps which are not uni-
directional or at equilibrium.

The system to be modeled is assumed to
consist of a number of cells or compart-
ments involving each of the reacting spe-
cies which can interact with each other. It
is assumed that the gas phase is completely
mixed and that all surface sites of a given
chemisorbed species on the catalyst are
equally accessible. In order for the overall
reaction in a recirculating reactor system to
be at the steady-state condition feed must
be continuously introduced and product
withdrawn.

Then at time ¢ = 0, a known concentra-
tion of a tagged atomic species i is substi-
tuted in one or more of the feed streams at
concentration z, and is maintained at a
constant value. There will be n species
containing the same kind of atoms as the
tagged atom. For this step-function input of
marked atoms n differential equations can
be written corresponding to material bal-
ances for each of the n species:

dz, _

7t 4

Az, + b,

where

= a vector giving fractional tagging of i
ineachof j=1,. . ., nspecies,
= (atoms of isotope of i per mole of
J)/(total atoms of i per mole of j),
A=an n X n matrix consisting of
coefficients involving the parameters
in the material balances,
b = an n vector determined from the input
of tracer in the feed, which is taken as
constant in marked species.

Zp

Note that z, is not taken as the amount of
tracer in each compartment but as the frac-
tional marking obtained by substitution of
marked species for unmarked species in the
reacting system. Also in heterogenous sys-
tems containing a fixed catalyst bed the A
matrix elements which involve chemi-
sorbed species will not include the resi-
dence time as required for the moving fluid.

Regarding the n compartments for a
given tracer atom, species required in the
overall reaction mechanism which do not
contain this atom will, of course, not be
traced and will not appear in that set of
differential equations. On the other hand, if
atoms are present in the catalyst which can
exchange with the tracer, even though they
do not enter into the overall reaction being
modeled, additional compartments must be
added to allow for such exchange. Similar
considerations apply if tracer elements can
be transferred from reacting species to
products by other paths than the mecha-
nism being modeled.
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In developing Eq. (4) it is assumed that
the marked atoms are indistinguishable in
kinetic behavior from those which are un-
marked. No isotope kinetic effects are con-
sidered and all the same kind of marked
atoms in a molecular species are assumed
to react with the same velocity as those that
are unmarked.

The form of Eq. (4) is especially conven-
ient for computer solution but it may in
some cases prove convenient to use more
complicated modeling. Thus, instead of the
constant vector b, one might introduce feed
components in a time-dependent fashion.

Also where more than one marked atom
is present in a molecule for given terminal
species, even if all the atoms are structur-
ally equivalent, it may be desirable to fol-
low the distribution of marking as well as
the total fractional marking as is done in
Eq. (4). This would be required, for exam-
ple, to take full advantage of deuterium
tracing of the methanation reaction. In this
case the differential equations are still first
order though no longer linear.

The problem to be solved when one has
derived the appropriate equations is not in
finding their solution but rather in determin-
ing the unknown coefficients or elements of
the A matrix given a set of experimental
values of z, over a period of time. This is a
parameter estimation problem that must be
solved by nonlinear programming methods.
Details of the procedure we used for this
purpose are given by Happel et al. (3).

From the mathematical standpoint one
identifies the model by a number of pools
and their interconnections. Information
about the nature of the material in compart-
ments and their interaction may come from
other sources in addition to transient trac-
ing experiments such as steady-state tracer
measurements, a priori information about
the existence or nonexistence of certain
pathways or intermediates, and information
developed by methods of surface examina-
tion during reactions such as various spec-
troscopic observations. A given mathemati-
cal model may be consistent with more than

one assumed mechanism if the contents of
all compartments cannot be completely
identified.

The computational procedure which we
have employed includes a statistical treat-
ment which provides information on good-
ness of fit, based on average deviation of
predicted from actual data, expected devia-
tion of determined parameters, and degree
of correlation among them. In addition to
these criteria the predicted and calculated
data are plotted to observe the possible
presence of systematic deviations.

RESULTS
Preliminary Experiments

Tests thus far have been conducted on a
typical commercial nickel catalyst,
Harshaw 104T. Professor A. L. Dent of
Carnegie—Mellon University kindly mea-
sured surface characteristics. The total area
of the catalyst is 87 m?/g, which we
checked. Hydrogen uptake at 100°C is 7.10
ml/g (317 umole/g). Taking the area occu-
pied by a hydrogen molecule as 13.44 A2
(25) we find a total area of active nickel
surface equal to 25.6 m?/g. We observed
rates of methanation for 3/1 H,/CO
ratio mixtures at 20 Torr hydrogen par-
tial pressure in helium carrier gas at
275°C. A methane turnover number
(reactions/sec - site) equal to 0.41 x 1073
was obtained. This rate is close to that
reported over several nickel catalysts by
Goodman et al. (26), confirming the gener-
ally accepted finding that these catalysts
are not structure sensitive for the methana-
tion reaction.

Following this, we conducted steady-
state experiments to determine the effect of
variation in pressure of carbon monoxide
and hydrogen on reaction rate. The rate of
methanation at 205°C was found to be di-
rectly proportional to hydrogen partial
pressure and inversely proportional to that
of carbon monoxide, roughly in agreement
with the literature.

We also conducted some transient exper-
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iments without tracer in a manner some-
what similar to the study of methanation
over an iron catalyst reported by Matsu-
moto and Bennett (27). In one series, data
for which are shown in Table 1, a H,/CO
mixture of 3.5/1 diluted with helium was

TABLE 1

Transient Desorption Experiments

Reaction temperature = 233°C.

At time t = 0, a mixture of CO of 0.221 ml/min and
of H, equal to 0.771 ml/min was flowed over the
catalyst. He carrier gas was introduced at a rate of 75.5
ml/min.

At time ¢ = 140 min flow of CO and H, was stopped.
Helium carrier flow was continued up to 265 min.

At time ¢t = 265 min, hydrogen flow was resumed at
0.80 ml/min. Helium carrier flow was continued
throughout the run.

The following data were obtained throughout these
three modes of operation:

Time CcoO H, CH, H,O
(min) (ml/min) (ml/min) (ml/min) (ml/min)
S5 0.152 0.570 0.076 0.049
80 0.133 0.514 0.096 0.065
105 0.130 0.511 0.098 0.064
130 0.123 0.476 0.106 0.063
140 0.127 0.504 0.101 0.065
141 0.087 0.363 0.088 0.059
142 0.054 0.194 0.070 0.055
143 0.036 0.128 0.059 0.047
144 0.029 0.126 0.055 0.044
145 — 0.108 0.048 0.033
146 0.015 0.087 0.036 0.023
148 0.013 0.064 0.034 0.019
152 0.010 0.060 0.025 0.009
155.5 0.008 0.053 0.016 0.007
160 0.006 0.044 0.011 0.004
171 0.001 0.036 0.014 0.004
190 0.000 0.030 0.002 0.003
213 0.000 0.028 0.001 0.000
265.5 — — 0.671 —
266 — 0.118 0.025
267 —_ 0.168 0.040
267.5 — 0.180 0.042
268.5 — — 0.180 —
269 — 0.29 0.142 0.044
272 — 0.33 0.092 0.022
278 —_ 0.55 0.048 0.014
291 — 0.77 0.018 0.005
310 — 0.74 0.005 0.005
330 0.80 0.003 0.000

TABLE 1—Continued

Some CO, determinations were also made but are
not reported since they varied erratically.

From these data it is estimated that the following net
recoveries were obtained during the helium desorption
and subsequent hydrogen reaction periods allowing for
material contained in the dead space:

Gas production (ml/g catalyst
at standard conditions (NTP))

Helium desorption
(140-265.5 min)

Hydrogen reaction
(265.5-330 min)

co 0.17 —
H. 3.2 —9.7
CH, 1.08 3.3

H,0 0.71 0.76

“ Hydrogen converted by reaction or adsorption.

passed over the catalyst for a period of 140
min in a recirculating reactor until steady
state was obtained. At that time the H,/CO
flow was abruptly stopped but helium flow
was continued. Analysis of the data indi-
cates that as soon as helium was introduced
little further reaction with ambient CO and
H, occurred and they were rapidly flushed
from the system. During the period from
140 to 265 min methane, hydrogen, and
water were desorbed in appreciable
amounts. Allowing for the material origi-
nally present in the dead space, it is esti-
mated that during this period recoveries of
CH, and H,O were, respectively, 1.08 and
0.71 ml/g of catalyst. These observations
are in contrast to results with iron catalyst
reported by Matsumoto and Bennett who
observed no methane desorption in their
experiments in which helium alone was
passed over the catalyst after steady state
was obtained. Perhaps chemisorbed hydro-
gen reacted to form methane in our experi-
ments.

The experiments shown in Table 1 were
continued by switching from helium to hy-
drogen after 265 min (i.e., after passing
helium over the catalyst for 125 min follow-
ing attainment of steady state by 140 min of
original operation) and this hydrogen injec-
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tion was continued an additional 65 min. It
is estimated that during this period 9.7 ml /g
of hydrogen reacted with material present
on the catalyst or was adsorbed. At the
same time 3.3 ml/g of CH, was recovered,
along with 0.7 ml/g of H,O. CO, recovery
was very small. In view of the inaccuracy
of hydrogen analysis and consequent
difficulty in obtaining an exact figure for the
amount of hydrogen adsorption, the results
seem to be consistent with the hypothesis
that a carbonaceous deposit on the catalyst
is subsequently hydrogenated to produce
methane.

Irreversible Steps

The overall reactions represented by
Egs. (1) and (2) are essentially irreversible
under reaction conditions (at 200°C, K, =
2.17 x 10" and 4.94 x 10'3, respectively
(28)) and therefore there must be at least
one irreversible step in the reaction mecha-
nism.

In order to determine whether the slow
step occurs in the path of carbon transfer an
experiment was conducted (Table 2) by
introducing "*CH, into a recirculating reac-
tion system in which unmarked CO and H,
were reacting to produce methane. Only a
very small amount of "*CO was detected in
the effluent so an irreversible step exists in
the carbon transfer path.

TABLE 2

Steady-State '*CH, Marking Experiment

Reaction temperature = 222°C
He flow rate = 55.4 m/min (NTP)

Inlet rate (ml/min) Outlet rate (ml/min)

CcO 0.118 0.089
H.O 0.016 0.066
H, 0.750 0.652
CH, 0.125 0.149
CO, — 0.005

Marking of inlet CH,, fraction of
“CH,, z'M = 0.23.

Marking of exit CO, fraction of
HCO, Y = 0.001.

TABLE 3

Forward Transfer of Deuterium to CH, in Absence
of CO

Reaction temperature = 228°C
Inlet deuterium flow rate = 42.8 ml/min (NTP)
Inlet methane flow rate = 2 ml/min (NTP)

Time (min) Deuterated methane produced (%)
CH; CH;D CH,D, CHD, CD,
Reactor operated with open flow
0 100 0 0 0 0
50 99.0 1.0 0 0 0
Reactor operated closed with
same initial feed composition
0 100 0 0 0 0
70 93.8 5.1 1.1 0 0
140 86.5 12.2 1.1 0 0

The product gas was passed through P,0O; before
analysis so HDO, H,0, and D,O were not determined.
CO, was absent from the product.

To test for the irreversibility of hydrogen
transfer similar experiments were per-
formed with deuterium marking. Table 3
gtves results of an experiment in which
mixture of CH, and D, was passed over the
catalyst. At 230°C less than 1% marking of
the methane to produce CH.,D was ob-
served after 50 min. Less than 13% ex-
change of CH, with D, was observed even
after 140 min of recirculation with the sys-
tem closed.

Another experiment (Table 4) explored
the rate of transfer of deuterium from CD,
to H, in both the presence and absence of
CO. Only a very small amount of deuterium
was transferred. There was again very
little increase when the system was oper-
ated as a closed reactor.

Transient Tracing

In order to obtain further information on
the nature of the CH, intermediates a step-
function superposition experiment was
conducted in which a steady state was first
reached in a recirculating reactor system,
using a high feed ratio of hydrogen to CO.
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TABLE 4

Transfer of Deuterium from CD, to H,

Reaction temperature = 214°C

Reactor operated with open flow

Feed Time Outlet H, fractional
(min) marking (z!'?)
CcO CD, H,
(ml/min) (ml/min) (ml/min)

0 [ x 1073

0 0.5 51.9 60 2 x 107
0 1 x 107

0.5 0.5 51.9 60 2 x 107

Reactor operated closed

Gaseous content (partial pressure) Time Outlet H, fractional
(min) marking (zH?)
PCO PCD4 PHz
(atm) (atm) (atm)
0 1 x 107
0 0.0095 0.991 100 3 x 1073
0 1 x 107
0.0095 0.0095 0.981 60 2 x 107t

In this experiment no helium carrier was the experimental conditions are given in
employed and no CO, production was ob- Table 5 and the appearance of deuterated
served. After reaching steady state, hydro- CH_,D,_, is reproduced in Fig. 2. Distribu-
gen was replaced by deuterium, all other tion of deuterium in the product species is
conditions remaining the same. Details of not random but exact modeling is not possi-
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FiG. 2. D, tracing: Ni catalyst. ( | ), z™; (A), z€1; (O), zCHP; (O), zCH:Lz; (), zCHP; (+), 2. Run
No. 051077; T = 253°C; feed molal ratio, H,/CO = 20/1.
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TABLE §

D, Step-Function Experiment

Reaction temperature = 253°C
Weight of catalyst = 0.346 g (only in this run)

Initial conditions

Inlet flow rate (ml/min)

Outlet flow rate (ml/min)

co 1.0
H, 19.7
H,0 0.015
CH, 0

0.894
19.38

0.121

0.102

Deuterium flow of 19.7 ml/min replaced hydrogen flow at zero time.

Observed distribution in product

Time Fraction of Fraction of each CH,D,_, species of total
(min) deuterium in

H, + D, + HD (z!"») CH, CH,D CH,D, CHD, CD,

0 0.002 0.96 0.04 0 0 0

10 0.210 0.81 0.19 0 0 0

20 0.427 0.66 0.26 0.08 0 0
30 0.519 0.52 0.25 0.16 0.06 0.01
40 0.600 0.40 0.24 0.21 0.12 0.03
50 0.617 0.36 0.19 0.22 0.17 0.05
60 0.706 0.27 0.11 0.25 0.25 0.11
70 0.756 0.18 0.11 0.28 0.27 0.16
80 0.801 0.15 0.08 0.23 0.31 0.23
90 0.817 0.10 0.05 0.20 0.34 0.31
100 0.854 0.10 0.04 0.16 0.33 0.37
110 0.880 0.08 0.01 0.13 0.33 0.35
130 0.912 0.06 0 0.10 0.29 0.55
150 0.931 0.04 0 0.07 0.25 0.64
170 0.944 0.03 0 0.06 0.21 0.70
210 0.960 0.01 0 0.03 0.14 0.82

240 0.01 0 0.003 0.12

0.967

ble because of isotopic kinetic effects which
have not as yet been resolved. However,
the relatively short delay time in appear-
ance of CH3;D as compared with that of
more highly deuterated species indicates
that partially hydrogenated adsorbed inter-
mediates are being deuterated.

Another deuterium tracing experiment
was conducted in a manner following some-
what the procedure of the previous desorp-
tion experiments without tracer outlined in
Table 1. Details of this experiment are
given in Table 6. Steady state in a recircu-
lating reactor was first reached by opera-
tion for 120 min. A feed of H,/CO ratio of
8/1 was employed in a helium carrier and

0.84

very little CO, was produced. Following
this, the feed of hydrogen and CO was
stopped and helium flow was continued for
an additional period of 276 min. Results
were somewhat similar to those obtained
previously except that recoveries of ad-
sorbed gases were somewhat higher, possi-
bly due to the higher partial pressure of
feed components. At this point deuterium
was introduced into the helium carrier in-
stead of hydrogen, as was done previously.

The predominant product during this
deuterium injection period was CD, evi-
dently produced by deuteration of carbidic
carbon which was not removed by helium
flushing. No CH, was produced, indicating
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TABLE 6

D, Desorption Experiment

Reaction temperature = 226°C

Initial conditions
Inlet flow rate
(ml/min (NTP))

Outlet flow rate
(ml/min (NTP))

co 0.60 0.40
Co, 0 0.004
H, 4.80

H.0 0.023 0.21
CH, 0 0.1
He 37.2 0

After 120 min, helium alone was passed over the
catalyst for an additional period of 276 min. This
resulted in recovery of CO, CH,, and H,O of 0.82,
2.84, and 2.83 ml/g of catalyst, respectively. Traces of
CO, were also produced.

Following this, 0.6 ml/min of deuterium was intro-
duced into the helium feed which was maintained
constant. The following rates of production of hydro-
carbon species were observed, starting at zero time
beginning with deuterium injection.

Time (min) Production rate of CH,D,_,.
species (ml/min)

CD, CHD, CH;D, CH,D

2 0.000 0.000 0.000 0.000

3 0.000 0.000 0.001 0.001

5 0.002 0.000 0.004 0.003

7 0.004 0.003 0.006 0.003

9 0.008 0.010 0.007 0.004
14 0.017 0.010 0.008 0.003
19 0.022 0.006 0.007 0.003
30 0.024 0.001 0.005 0.002
50 0.019 0.000 0.002 0.001
83 0.012 0.000 0.001 0.000
133 0.012 0.000 0.000 0.000

These rates correspond to the following total pro-
duction in ml/g of catalyst:

CD, 1.99
CHD, 0.12
CH,D, 0.30
CH;D 0.12

Total 2.53

No CH; or D,0 could be detected in the product.

that the species CH,/ is not present. The
most abundant partially deuterated species

was CH,D,, which might be taken as an
indication that the predominant hydrocar-
bon intermediate is adsorbed CH.,l.
Roughly equal proportions of CHD; and
CH;D were recovered, possibly due to a
rearrangement of chemisorbed CH, spe-
cies:

2CH,! + I — CH,l + CHL/. &)

Actually a somewhat greater proportion of
CH,D, is indicated than corresponds to
equilibrium for this reaction but since the
partially deuterated methane production is
relatively small these findings must be
confirmed.

80 Transient Superposition Tracing

While deuterium tracing is useful in fol-
lowing the steps in methanation involving
hydrocarbons, it is not as readily employed
for tracing the path of hydrogen to water.
Deuterium exchanges rapidly with hydro-
gen and with water following reaction
mechanisms different from those involved
in methanation. It was thought that the
employment of 'O would be useful in fol-
lowing the role of H, and CO of removing
oxygen produced by CO dissociation.

Details of a transient experiment for this
purpose conducted by incorporating a step
change from unmarked CO to C'*O in a low
H,/CO ratio feed are given in Table 7. The
appearance of 'O in H,O and CO, was
observed. Figure 3 shows the appearance
of marking during a period of time following
injection of tracer. Marking in CO, occurs
somewhat more rapidly than in H,O, indi-
cating that surface oxygen produced by
dissociation of CO is being directly con-
verted to CO, by further reaction with CO
rather than by reaction with water. In this
experiment C'¥0 concentration approached
the feed concentration in about 20 min but
neither CO, nor H,O marking reached
steady state after twice that period of time.
Thus it is possible that oxygen in the silica
support can exchange with these compo-
nents.

Several mechanisms were employed in
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TABLE 7

C"*0 Step-Up Experiment

Pressure = | atm
Temperature = 231°C
Helium flow rate = 17.89 mi/min
Inlet rate (ml/min) Outlet rate (ml/min)
CcOo 0.59 0.45
H,0 0.049 0.17
H, 1.80 1.43
CH, — 0.124
CO, — 0.010
CO conversion 22.9%
CO conversion to CH, 21.20%
CO conversion to O, 1.70%
Initial tracing level = z,0 = 13.2% of 'O
Computed parameters
CY + C° (ml/g) 0+ 0.10
C" (ml/g) 11.1 + 2.5¢
Rate of O exchange with H,O, v; (ml/g/min) 0.35 + 0.04*
Rate of O exchange with CO,, v, (ml/g/min) 0.008 = 0.001"

¢ Calculated on basis of equivalent volumes of atomic oxygen.

computer modeling with oxygen atoms in
H,0 and CO, participating in an exchange
reaction with a pool of lattice oxygen Os.
It is possible that more elaborate models
would be useful, if the data could be taken
with greater accuracy. The model em-
ployed here was the following:

co + 12 col,

COl + 1= Cl + 0l

Ol + H, =3 H,0 + |,
(6)
Ol + CO3 CO, + 1,

H,0 = Os
CO, = Os

where [ represents surface sites for adsorp-
tion of reaction with the catalyst, s refers to
inactive sites with which oxygen in CO, or
H,O can exchange. Reaction Step 1 is at
equilibrium and occurs rapidly. Step 2 is

taken as unidirectional and O/ is taken as
very small, so delay time in appearance of
80 in the product is small. Steps 3 and 4 are
taken as unidirectional. In the case of the
exchange reactions given in steps 5 and 6,
the reaction is at equilibrium but the rate of
exchange may be slow relative to the over-
all rate given by v, = v,y = v,,, as con-
trasted with the rapid reaction rate of the
velocity v., for step 1. Equation (6) may be
represented by the compartmental model
given in Fig. 4, which involves four param-
eters, two pools (COl) and O,), and the
exchange velocities v; and v;. Material bal-
ances for 'O tracer transfer may be written
for CO, H,0, CO,, and O, corresponding to
rates of reaction per unit weight of catalyst.
These equations are as follows, in the form
of Eq. (4):

dz*° (V+V + F(,CO/W)ZCO
dt - (,BCCCO/W + C(‘ol)
FiCOZiCO

* (BCO/W + Coory

¢)
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FiG. 3. C'®0 tracing: Ni catalyst. Smooth curve represents theoretical results. Uneven curve
represents data. Run No. 061577; feed molal ratio, H,/CO = 3/1.

dzi:0 (V+ V) .
dt = BCHzO/W(ZCO — ZH 0)
+ '[}FI)Z%‘/TV(ZOS - "0, ()
dze _ v CO _ ,CO2
@ ~ peeogw @ T )
+ B—CEli)iTW(ZOS_ ZCOZ), (9)
dz% _ U5 o _ os
ar ~ oo
_‘D_G COz2 _ »Os
+ Cos (z 299, (10)
c'%
C'%0 - gg? vV H,0  p——s H,'®0
v’ Vg
c®oe— co, ve Os

Fi1G. 4. C™*0 tracing: compartmental model.

where

CCO, CCOz CH:0 =
b

CO

co >
Fi ’ FUCO

Vg

concentration of gas
phase CO, CO,, and
H,O in the reaction sys-
tem,

concentration of ex-
changable oxygen on in-
ert sites per unit weight
of solid catalyst,
inlet and outlet
rates of CO,

time following initial
change to isotopically
marked C'*O,

rate of production of
CH, per unit weight of
catalyst,

rate of production of
CO, per unit weight of
catalyst,

rate of exchange of oxy-
gen atoms in water with
inert catalyst sites,

rate of exchange of oxy-
gen atoms in CO, with
inert catalyst sites,

total weight of catalyst
within system,

volume of dead space,

flow
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zl = fraction of 'O in total
oxygen content of com-
ponents j = CO, H,0,
CO,, in product streams
z;'? = fraction of 'O in total
oxygen content of feed
CO stream,
z%% = fraction of 'O in total
oxygen contained on in-
ert catalyst sites.

In setting up these equations we employ the
relationships V — V' = v, and V' = v,
Results of parameter estimation are listed
in Table 7. The surface concentration of
COl + 0Ol is too low to be measured accu-
rately by the modeling procedure (<0.1
ml/g catalyst). The value of the oxygen
exchange capacity expressed as volume of
equivalent atomic oxygen is 11.1 ml/g of
catalyst (NTP), somewhat larger than the
usual chemisorption quantities. Figure 3
gives a comparison of the experimental
points with those predicted by the model.

BC Transient Superposition Tracing

Results of *C tracing are most satisfac-
tory because they do not present problems
of isotopic kinetic effects or lattice ex-
change. A series of runs was made using
step up changes in the *CO feed. Four of
these experiments were conducted at high
H,/CO ratios in which no detectable CO,
production occurred. Two experiments

were conducted at lower ratios. It was
found possible to correlate the *C transient
data by a single mechanistic model consist-
ent with other experiments thus far re-
ported using D and 'O as follows:

co+-ﬁécoh

COl + 1= Cl + 01,

Cl + H, = CH,l,
(11)

CH,l + H,= CH, + I,
CO + Ol = CO, + 1,
CO, + m = CO,m,

where [ represents surface sites for ad-
sorption or reaction with the catalyst, and
m represents sites on which molecular CO,
can exchange with the catalyst. As in the
case of oxygen tracing, step 1is assumed to
be rapid and at equilibrium.

The corresponding compartmental model
is given in Fig. 5. The model corresponds to
five pools and requires the determination of
the following five unknown parameters:
three pools (C¢0Y), (CC! + CCHly, (CCOmy,
the velocity v_s; and the exchange velocity
ve. For high ratio H,/CO feeds no CO, is
produced and only two parameters (C¢°!)
and (C°' + C™!) are required.

Material balances for *CO tracer transfer

13CO
co v v
3C0e———{ 0! CHyl CHa p——="3CH,4
Ve Vg Vg Vg
Beo,e——] €O, vy CO,m

FiG. 5. BCO tracing: compartmental model.
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may be written for CO, CH,/, CH,, CO,,
and CO,m corresponding to rates of reac-
tion per unit weight of catalyst. These equa-
tions are as follows, in the form of Eq. (4).
In writing these balances, it is assumed that
one of the CH,/ species, probably C/, is
present in much greater proportion than the
remaining species which we have called
CH,! for simplicity until a more exact
identification is possible.

dz¢0 _ —(V+V + FO/W + v_5)z¢0
dr (BCCO/W + (€9
V_5ZC02
(BCCO/W + CCOI)
ECOZiCO
* geoyw + ooy (12
(CH D
dzdt _ 'C_(CYPTE(ZCO — ZCHA) (13)
CHq V
dZdt - BCC"*/W(ZCHxl — ZCHY) (14)
CO2 (A
dfit = (chm}){;/) (2€0 — zC€02)
+'ﬁw (ZCOzm — 2002 (]5)
CO2m
dZdt — ngzm (2602 — zCO2m)  (16)
where
CC0, C Ct9 = concentration of gas
phase CO, CH,, and
COZ,
CtH:l (PO = concentrations of chemi-
sorbed COland (CH,I =

Cl + CH,l) on catalyst
sites per unit weight of

catalyst,
F,°°, F,*© = inlet and outlet flow
rates of CO,
t = time following initial
change to isotopically
marked *CO,

V = rate  of production of
CH, per unit weight of
catalyst,

V' = rate of production of
CO, per unit weight of
catalyst,

v_; = rate of dissociative read-
sorption of CO, per unit
weight of catalyst,

v = rate of exchange of CO,
per unit weight of cata-
lyst,

W = total weight of catalyst
in the system,

B = volume of dead space,

z! = fraction of "C in total
carbon content of com-
ponent i = CO, CH,/,
CH,, CO,, or CO,m,

z;%% = fraction of ™CO in total
carbon content of feed
CO stream.

In setting up these equations we employ the
relationships V = v,,, v,3 and v,,, V' =
Vis — Vs

Table 8 gives the results of six experi-
ments using this model. A comparison of
predicted output with actual tracer output
for the four high H,/CO ratio experiments
is given in Figs. 6-9. Results for the two
low H,/CO ratio runs are given in Figs. 10
and 11. The parameters v, gave satisfac-
tory fit for a range of values of methanae
adsorption steps, so these values are not
well determined. These curves are not sim-
ply an empirical best fit drawn through the
data but involve the combination of expo-
nentials which results from simulation of
the chosen model. Runs were taken over a
period of time with some variation in cata-
lyst age and operating conditions.

All the data correspond to the same
model. More than two unidirectional steps
with appreciable surface concentrations
preceding each step result in much more
delay in appearance of '*C in methane than
is indicated by the data. However addi-
tional unidirectional steps preceded by rela-
tively small amounts of adsorbed species
will not result in increased delay. This
requires that only one of the adsorbed CH,
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TABLE 8

BCO Step-Up Experiments

Pressure = 1 atm

Feed mix ratio H,/CO 91.3 64.1 26.0
Temperature (°C) 175 176 220
Inlet marking (z in CO") 0.068 0.145 0.087
Inlet CO feed (ml/min (NTP)) 0.50 0.80 1.50
Inlet He (ml/min (NTP)) 0 0 0
Rate to CH,. V (ml/min/g) 0.22 0.27 0.71
Net rate to CO,. V' (ml/min/g) — — —
Computed parameters

CC+ C (ml/g) 1.99 (+0.06)" 1.57 (+0.06) 0.00 (£0.06)

C™" (ml/g) 2.32(x0.05 4.26 (=0.07) 2.23(=0.04)
Feed mix ratio H,/CO 17.5 4.0 3.0
Temperature (°C) 217 258 276
Inlet marking (z in CO) 0.128 0.106 0.106
Inlet CO feed (ml/min (NTP)) 2.00 0.60 0.75
Inlet He (ml/min (NTP)) 0 55.2 69.1
Rate to CH,, V (ml/min/g) 0.88 0.119 0.177
Net rate to CO,. V' (ml/min/g) — 0.021 0.072
Computed parameters

Ct + <o (ml/g) 0.00 (+0.14) 0.38 (+0.04) 0.03 (0.1

C' (ml/g) 3.30 (+0.08) 0.97 (=0.02) 0.59 (+0.02)

Rate of CO, adsorption, v ;

(ml/min/g) — 0.02 (x0.01) 0.30 (+0.06)
Rate of CO, production, v .,

(ml/min/g) — 0.04 (0.0 0.37 (=0.06)
CC®m (ml/g) — 0.10 (+0.02) 0.67 (+0.13)
Rate of CO, exchange, v

(ml/min/g) — 0.02 (=0.01) 0.70 (+0.33)
“ Values corrected for natural abundance of “C (1.11%) in unmarked CO. Plots at r = 0 start at zero initial

marking.

" Values in parentheses are computed estimates of standard errors.

species must predominate. If relatively
equal proportions of all were present larger
delay times in appearance of *C in methane
would result. In all cases the concentration
of adsorbed carbonaceous CH,/ is higher
than that of the equilibrium pool CO/.

DISCUSSION

A tentative mechanism for the overall
reaction system is obtained by combining
step 3 of Eq. (6) with steps 1-5 of Eq. (11).
The time required to reach steady-state
CO, concentration involves the addition of
step 6 of Eq. (11). Steps 5 and 6 of Eq. (6)

refer to exchange reactions of 'O with the
catalyst and do not enter into the reaction
mechanism. Other plausible mechanisms
could be written which would be consistent
with the compartmental model correspond-
ing to these equations.

One such mechanism which we assumed
earlier (29) would be that step 2 in Eq. (6) is
at equilibrium rather than unidirectional.
This would switch chemisorbed carbidic
carbon C/ to the carbon monoxide pool
COl, so that the first pool would be (C/ +
COl). The second pool of adsorbed species
would then become CH,/ alone instead of
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FiG. 6. “CO tracing: Ni catalyst. Smooth cur

ve represents theoretical results. Uneven curve

represents data. Run No. 61377; T = 175°C; feed molal ratio, H,/CO = 91/1.

(Cl + CH,l = CH,l) as in the present
model. Data recently obtained by us indi-
cate that once carbidic carbon is formed
it does not exchange readily with the car-
bon in carbon monoxide during methana-
tion so that this assumption seems to be
untenable though it will fit the same com-
partmental model.

More complete deuterium tracing data
will be needed to determine the nature of
the CH,/ species on the catalyst surface.
From the preliminary results obtained in
Table 6 it appears that carbidic carbon,
(i.e. x 0), predominates. The forma-
tion of CH,D, seems to be the next most
abundant species, which may indicate the
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F1G. 8. “CO tracing: Ni catalyst. Smooth curve represents theoretical results. Uneven curve
represents data. Run No. 92077; T = 220°C; feed molal ratio H,/CO = 26/1.

addition of H, rather than atomic H. We
chose to simply represent hydrogen as H,
in Egs. (6) and (11) until more data are
available as to the mode of addition.
Since hydrogen is not traced in the 80 or
BC experiments this simplification does
not affect the interpretation we have
made.

The possibility that a large concentra-

tion of fully hydrogenated CH,/ species is
present on the catalyst during methana-
tion is small. In the experiment described
in Table 6, no CH, could be detected in
the product after CH, had been flushed
from the system. Also the extent of ad-
sorption of methane on nickel is very
small (30).

The calculated concentration of CH,/
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F1G. 9. BCO tracing: Ni catalyst. Smooth curve represents theoretical results. Uneven curve
represents data. Run No. 90277; T = 217°C; feed molal ratio H,/CO = 17/1.
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generally does not exceed 4 ml/g of cata-
lyst. At full monolayer coverage of these
species this would correspond to each mol-
ecule of adsorbed CH,/ occupying about
3.5 surface sites (a monolayer of hydrogen
corresponds to 7.1 ml/g of catalyst and
occupies two surface sites per hydrogen
molecule).

Further data are being obtained includ-
ing experiments in which products as well

2.1285 ~r—

CORRECTED TRACER FRACTION

as reactants are traced. This will serve to
extend the preliminary conclusions re-
ported here. Meanwhile the present
results serve to illustrate the versatility of
this technique. It furnishes more informa-
tion than kinetic studies without isotopic
tracing. The findings that an important
rate-controlling step involves hydrogena-
tion rather than only formation of carbi-
dic carbon and that carbon dioxide is pro-
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FiG. 11. *CO tracing: Ni catalyst. Smooth curve represents theoretical results. Uneven curve
represents data. Run No. 91577; T = 276°C; feed molal ratio H,/CO = 3/1.
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duced directly rather than via the water
gas shift mechanism provide increased
understanding of the catalytic methana-
tion reaction.
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