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The evolution of surface species (their chemical composition and
surface coverage) formed during the CO/H, reaction at 220°C on
1 wt% Rh/AlO, catalyst was studied by transient isotopic and
various hydrogen titration techniques using both in situ mass spec-
trometry and FTIR. There is a very small amount of active carbon,
CH, (8cy, < 0.03), and a large amount of surface linear and
bridged CO species (8o = 0.93) which participate in the forma-
tion of CH, during reaction. Their amounts stay practically con-
stant with reaction time in CO/H, even after 1 h on stream. Also
present on the Rh surface are some C.H, (alkyl chains) species
which largely grow with reaction time (during the first hour on
stream) but do not participate in the reaction mechanism of CH,
formation (spectator species). In addition, formate and carbonate
(spectator species) build slowly on the alumina support surface
even after 1 h of reaction. The surface coverage of hydrogen, 6,
is found to be very small, a result consistent with the coverages
of CO, CH,, and C H, species. CO dissociation over the present
1 wt% Rh/Al, O, (1.5-nm Rh particles) appears to largely control
the overall rate of methane formation, a result similar to that
previously reported over the 5 wt% Rh/Al,O; (9.0-nm Rh particles)
catalyst. © 1994 Academic Press, Inc.

INTRODUCTION

Knowledge of the state of a catalyst surface during
reaction is an ultimate goal in order to understand catalytic
reactions. In particular, determination of the surface cov-
erage of intermediate species in a reaction network and
the intrinsic rate constant, k, of individual reaction steps,
which is proportional to the reactivity of a given interme-
diate species, has long been appreciated as an important
aim of fundamental research in heterogeneous catalysis.
First Happel et al. (1, 2) and later Biloen and co-workers
(3-5) introduced the use of steady-state tracing techniques
for the determination of the intrinsic rate constant, &, and
the fractional surface coverage, 8, of reaction intermedi-
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ates for the CO/H, reaction. These techniques have been
successfully applied by other investigators later to study
the mechanism of the CO/H, reaction over group VIII
metal-supported catalysts (6-17), ammonia synthesis
(18), and, recently, oxidative coupling of methane to C--
hydrocarbons (19-21).

Most of the transient work in CO/H, reaction has in
the past been conducted using a mass spectrometer as a
detector, permitting an accurate quantitative insight into
the dynamics of the surface reaction processes that oc-
curred. On the other hand, it is sometimes difficult to
know the exact nature of adsorbed intermediate species
using only mass spectrometry. Transient FTIR spectros-
copy is another powerful tool to study the dynamics of a
surface reaction network and identify surface adsorbed
intermediate species formed during reaction conditions
(22). Combining transient FTIR and mass spectroscopies
has the advantages of correctly characterizing a given
surface reaction intermediate species (its chemical com-
position and surface coverage) (23, 24), and distinguishing
between adsorbed reaction intermediate and spectator
species (25), as the present work also illustrates.

The focus of this work is to apply the steady-state trac-
ing and other transient techniques using both mass and
FTIR spectroscopies to study the working surface state
of 1.5-nm Rh particles supported on Al,O; for the CO/
H, reaction at 220°C and 1 bar. The present results are
compared to those reported for 9.0-nm Rh particles sup-
ported on Al,O; under the same reaction conditions (6, 7).

EXPERIMENTAL

(1) Catalyst Preparation

A 0.95 wt% Rh/y-AlO; catalyst was prepared by im-
pregnating Alon-C (Degussa) to incipient wetness with an
aqueous solution of RhCl; - 3H,0 (Aldrich Chemical Co.).
The powder was dried at room temperature for 96 h fol-
lowed by 2 h drying at 105°C, pressed at 2000 psi, crushed,
and then sieved to give 0.58- to 0.84-mm particles. For
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storage it was passivated by treatment in H, at 300°C for
2 h followed by treatment in O, at 400°C for 2 h.

Before any transient experiments with mass spectrome-
try were performed, the fresh charged catalyst (45 mg)
was reduced in H, at 350°C for 2 h, and then treated with
H,/CO mixture for 2 h at 220°C to obtain a fairly stabilized
surface for subsequent experiments. After a given run,
the temperature was raised to 450°C under H, and held
for 15 min until no methane was detectable. Then the
catalyst was brought to reaction temperature under H,
flow.

Transient FTIR experiments were performed on a fresh
catalyst sample (45 mg) which was pressed into a self-
supporting disk of about 0.1 mm thickness and 21 mm
diameter and placed in the IR reactor cell of I mL inter-
nal volume.

(2) Catalyst Characterization

The BET surface area of the alumina (110 = 5 m?%
g) was measured in a flow sorption apparatus described
elsewhere (26). The active metal surface area was ob-
tained by extrapolating the linear part of the H, chemi-
sorption isotherm at 298 K to zero pressure and assuming
H/Rhg = 1.0 (27). The hydrogen uptake of the catalyst
was found to be 32.5 umol H,/g cat, vielding a value of
65 wmol Rh surface atoms/g of catalyst. The fraction
exposed, FE, of the Rh was found to be 0.65. Assuming
spherical particles and an average Rh atom area of 7.9 X
107" m? yielded an average particle size of 1.5 nm. H,
chemisorption at room temperature from a 5% H,/Ar mix-
ture, followed by temperature-programmed desorption
(TPD) with mass spectrometer as a detector, yielded the
amount of chemisorption obtained from the isotherm,
within 10%, as mentioned above. In addition, the same
H, chemisorption/TPD experiment performed at the end
of all the transient experiments presented in this work
provided the same uptake, within 5%, as that measured
on the fresh catalyst sample (before exposure to the CO/
H, mixture).

(3) Reactor and Flow System

A once-through stainless steel microreactor of 0.5 mL
internal volume was used for transient studies with mass
spectrometry. The behaviour of the reactor was that of
a true CSTR as previously reported (9, 10). The integrity
of the transient results, free of any flow disturbances by
switching the valves, was maintained as described else-
where (28, 29). The stainless steel FTIR cell of 1 mL
internal volume used under transient conditions was of
specific design, details of which were given elsewhere
(30). FTIR spectra can be recorded at the reaction temper-
ature between 25 and 600°C under a flow of gas varying
in the range of 150-300 cm*/min (ambient conditions). The
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latter values of the flow rate are appropriate to ensuring a
fast response in the change of the feed gas composition
which the catalyst surface experiences.

The H,/CO and He/CO gas mixtures were prepared
based on 9.9 mol% CO, while for the H,/CO mixture the
appropriate H, composition was used to give a ratio of
H,/CO = 9 with He as a balance. Preparation of H,/
BCO = 9 mixture has been described in detail elsewhere
(7). One percent Ar was also added to the H,/"*CO mixture
to facilitate obtaining the forcing (F) and mixing (M)
curves (10) needed to interpret the steady-state tracing
experiments. The He/"*CO mixture had 99.3% 3C.

The flow rate of all gases used during transient experi-
ments with mass spectrometry was 30 mL/min (ambient).
At this flow rate the mean residence time in the reactor
was | s. The He and Ar gases used were UHP and the
H, standard (99.98%). Further purification of these gases
was performed as previously described (9, 10).

(4) Mass and FTIR Spectrometry

Calibration and data acquisition of the high resolution
mass spectrometer (Nuclide 12-90-G) responses obtained
have been described in detail elsewhere (6, 31). Mass
numbers used were 2, 15, 17, 28, 29, 40, and 44 for H,,
CH,. ""CH,. CO, *CO, Ar, and CO,, respectively. The
FTIR spectrometer (Nicolet, model 5DX-C) had the capa-
bility of recording one spectrum (averaged)/sec using the
SX software of the data acquisition system provided.

RESULTS

The surface composition of the [ wt% Rh/Al, O, catalyst
under CO/H, reaction conditions at 220°C has been deter-
mined using both transient mass spectrometry and FTIR.
For this, steady-state tracing (use of '*CO), transient hy-
drogenation of carbonaceous intermediate species, and H,
chemisorption, following CO/H, reaction, experiments
have been performed. The experiments conducted using
mass spectrometry are first described, followed by those
using FTIR. "*CO/He exchange experiments performed
after reaction in CO/H,, followed by TPD, are also pre-
sented to facilitate the interpretation of some of the tran-
sient results obtained under CO/H, reaction conditions.

(1) Transient Mass Spectrometry

(la) Steady-state tracing. Figure 1 shows the re-
sponse of the reactor outlet composition after the switch
2CO/H,/He (120s) — "“CO/H,/He/Ar (1) at 220°C is
made. The results are expressed in terms of the variable
Z, which represents the fraction of the ultimate change
(giving Z = 1) as a function of time. Thus, Z is defined by

Z(1) = (y(1) — y)(y= — ¥, (11



226

0 1 1
0 10 20 30

Time (sec)

FIG.1. Dimensionless experimental responses of forcing (F), mixing
(M), gas-phase CO, and CH, obtained according to the delivery se-
quence 2CO/H,/He (120 s) — “CO/Hy/He/Ar (+). T = 220°C, H,/CO =
9, PCO = 0.1 bar, and XCO = 0.6%.

where the subscripts 0 and = refer to values of y (mole
fraction) just before the switch (¢ = 0) and long after the
switch (¢t — ). The curve F (forcing) is obtained from
the argon response (y, = 0, y. = 0.01) as the gas flows
through a bypass around the reactor (9). The curve M
(mixing) is the response of the argon as this passes through
the reactor containing the catalyst. As already discussed
elsewhere (10, 31), curve M can be represented by the
response of a mixed-flow reactor (CSTR) to the forcing
function F. For the curve labeled *CO(g), v represents
the fraction of *CO in the gaseous CO at the reactor
outlet. Thus, if there were no adsorption or reaction of
CO, CO(g) and M curves would be identical. It can
be shown by a material balance that the area difference
between the actual *CO(g) response shown in Fig. 1 and
that of the mixing curve (M) is proportional to the amount
of CO adsorbed under reaction conditions, assuming that
all the surface '>CO is replaced by *CO (31). Based on
this, it is calculated that the surface coverage of CO is
0.95. Further experiments at 220°C for times in '>CO/H,
between 30 and 3600 s give values of 6, in the range
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of 0.95-0.92. Thus, the surface coverage of CO remains
practically constant even after 1 h of reaction.

The correct interpretation of the observed *CH, re-
sponse in Fig. | requires the following to be stated. It is
assumed that the reaction sequence passes from adsorbed
CO irreversibly to an adsorbed intermediate carbon spe-
cies, CH,, which is irreversibly and sequentially hydroge-
nated to CH,. Thus, the dynamics of the appearance of
3CH, is related to the rate of change of adsorbed '2CO
to BCO and to the amount of intermediate species after
the adsorbed CO for which the carbon content must
change from C to *C. The analytical equations repre-
senting these processes have been developed and applied
as indicated elsewhere (7-11, 31). The experimental Z for
the *CH, response can be modeled, and a 7o (mean life
time) value of the CH, intermediate species, from which
CH, is eventually produced, can be calculated (10, 31).
Then the coverage of these intermediate species, ¢y , is
obtained via *

BCH_‘ = TOFCHX : TCHI’ [2]

where TOF¢y_is the turnover frequency for the total pro-
duction of hydrocarbons for the conditions at hand
(TOF¢y, = 4.0 x 107 s™"). Values of 7cy_between 3.5
and 4.5 s are found to best describe the *CH, response
shown in Fig. 1. Thus, 6.y is estimated to be in the range
of 0.015-0.018 of a monofayer. The CO conversion and
the CH, selectivity obtained are found to be 0.6 and
95%, respectively.

(1b) Transient isothermal hydrogenation followed by
TPR of the adsorbed carbon-containing species formed
after CO/H, reaction at 220°C. In the isothermal experi-
ment of Fig. 2a there is an initial transient (peak 1) as the
reaction in CO/H, starts from a practically clean surface
(after H, reduction and He purge at 350°C), followed by
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(a) Transient response of CH, at 220°C according to the delivery sequence He (180 s) — H,/CO (30 s) — H, (). The numbering

system for identifying the peaks is shown. Peak 1: that obtained at the start of reaction, He — H,/CO; peak 2: first spike obtained after reaction
for 30 s, caused by the switch CO/H, — H;; peak 3: broad peak obtained after peak 2, caused by hydrogenation at 220°C of adsorbed carbon-
containing species formed after 30 s in H,/CO. (b) Transient responses of CH, at 220°C obtained under H, switch according to the delivery
sequence He (180 s) — H,/CO (At) — H, (t). Ar = 60, 120, 600, and 1800 s.
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a period of pseudo-steady-state under CO/H,. Titration
of the adsorbed carbon-containing species formed under
reaction conditions with H, leads to a second CH, tran-
sient which produces peaks 2 and 3. Much information
is contained in the peak heights and shapes, and in the
areas under these curves. These and other transient re-
sults described below are used to estimate the composi-
tion of the working surface of Rh/Al,O; catalyst and to
extract kinetic parameters of the hydrogenation process
of the adsorbed carbon species.

The first sharp peak (peak 1) in Fig. 2a occurs as H,/
CO starts to flow over the catalyst, and it is expected to
grow with temperature as observed over a previous study
on 5 wt% Rh/Al,O, catalyst (6). A switch to H, after 30
s of reaction produces both the sharp peak 2 and the broad
peak 3 of CH, with a shoulder between them. At 220°C,
the rate of hydrogenation falls to zero within about 2 min.
Of interest was to study this hydrogenation process as a
function of time on stream, At, in H,/CO.

Figure 2b shows transient hydrogenation results of CH,
production at 220°C after 60, 120, 600, and 1800 s of
H,/CO reaction. Various features observed in the CH,
transients of Fig. 2b should be noted. The height of the
sharp peak 2 diminishes with increasing time on stream,
whereas peak 3 grows with time on stream and it takes
longer to reach its maximum, ¢, under H, flow. The latter
behaviour is further studied by using *CO isotope gas
and a kinetic model developed as described below. Inte-
gration of the CH, transients of Fig. 2b provides the
amounts of carbonaceous species hydrogenated to CH,
at 220°C. Table | summarizes the quantitative aspects of
the transient isothermal hydrogenation kinetics shown in
Figs. 2a and 2b. Column 3 in Table 1 gives the amount
(monolayers) of carbonaceous species hydrogenated iso-
thermally at 220°C, whereas column 2 gives the time, ¢,
of appearance of the maximum of peak 3 under H, reaction
at 220°C. Note that in column 3 the coverage of the ad-
sorbed carbonaceous species increases with time on

TABLE 1

Coverage of Surface Carbon-Containing Species Hydrogenated
to CH,, and Time of Appearance of Peak 3 Maximum, f,, Ac-
cording to the Sequence CO/H,(220°C, At) — H,(220°C, t)— TPR

Time in te 220°C TPR Total
CO/H, (At) (s)  (s) (monolayers) (monolayers) (monolayers)

30 26 1.52 - 1.52

60 32 1.62 — 1.62

120 36 1.69 0.05 1.74

600 42 1.84 0.21 2.05

1800 47 1.88 0.49 2.37
3600 51 1.86 0.84 2.70

4 Not present.
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FIG. 3. Transient response of CH, according to the delivery se-
quence He (180 s) — H,/CO (220°C, | h) — H, (220°C, 120 s} —» TPR
(B = 25°C/min). Peak 4 is obtained during H, TPR after the completion
of isothermal hydrogenation.

stream and is higher than one (assuming one carbon atom
per surface Rh atom), a result which indicates that some
of the adsorbed species contain more than one carbon
atom. These issues are discussed below with respect to the
transient FTIR results obtained for the same experiment.

Temperature-programmed reaction (TPR) experiments
in H, flow, following the isothermal experiments of Fig.
2, reveal that for times in CO/H, reaction greater than
about 120 s, less active carbonaceous species accumulate
on the surface. Figure 3 presents such an experiment after
1 h of reaction in CO/H, at 220°C. Peaks 2 (spike) and 3
appear under the isothermal hydrogenation at 220°C, as
in Fig. 2, while after 2 min in H, flow the temperature is
increased to 450°C (8 = 25°C/min). A broad peak 4 is
then produced with a peak maximum at Ty = 285°Canda
tail out to 450°C. The amounts of less active carbonaceous
species, not hydrogenated to CH, at 220°C, as a function
of time on stream, Af, are given in Table 1, column 4.
The total amount of carbon-containing adsorbed species
measured based on the CH, response (isothermal + TPR)
is given in column 5.

(I¢) Transient isotopic deconvolution experiment of the
CH, response. Figure 4a shows an isotopic deconvolu-
tion of the CH, transient isothermal hydrogenation re-
sponses presented in Fig. 2. The experiment was as fol-
lows. After reaction in CO/H, for time A¢, the reaction
is quenched by a switch from '2CO/H, to *CO/He for 30
s, before an isothermal hydrogen titration is performed.
During the exposure to '*CO/He (30 s), methane produc-
tion stops, while the *CH, is not replaced by new “CH,.
However, adsorbed '*CO exchanges rapidly with gaseous
3CO, as already shown in Fig. 1. Thus, in Fig. 4a the
BCH, peaks arise from adsorbed "*CO, and the “CH,
peaks (peaks 2 and 3) arise from carbonaceous adsorbed
species which do not exchange with gaseous or adsorbed
BCO. A very small amount of new elementary *C may
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(a) Transient isotopic experiment for deconvoluting the CH, response obtained in Fig. 2 according to the delivery sequence He (180

s) — CO/H, (A1) — BCO/He (30 s) — H, (1). T = 220°C, Ar = 305 and 1800 s. (b) Transient response of ?CH, obtained according to the delivery
sequence described in (a) for A7 = 1800 s. After the isothermal hydrogenation at 220°C for 120 s, a TPR (8 = 25°C/min) process is performed.

be produced by '*CO disproportionation and may contrib-
ute to the initial PCH, peak.

Taking into account the comments mentioned in the
previous paragraph, and comparing the transient isother-
mal hydrogenation results of Figs. 2b and 4a after 30 s in
CO/H,, it appears that the sharp initial peak of '*CH,
response in Fig. 4a is due to the '>CH, species, which is
easily hydrogenated, while the second broad peak is due
toless active species identified as alkyl chain C,H, species
(using transient FTIR). The *CH, response gives a small
but sharp initial peak (due to elementary '*C carbon
formed during the 30 s of *CO/He treatment) and a second
broad peak due to the hydrogenation of exchangeable
surface CO species. For longer times on stream (1800 s),
the same feature is obtained but now the *CH, response
is almost the same as that obtained after 30 s on stream
in CO/H,, while the ')CH, response is different. In partic-
ular, the ?CH, peak 3 increases and its maximum shifts
to a higher ¢, value. Note also that the height of the initial
2CH, peak 2 decreases but, practically, without a shift
of its maximum. Table 2 gives the quantity of >CH, (col-
umn 2) and CH, (column 3) production as well as the
total amount of equivalent carbon (column 4) as a function
of time on stream in CO/H,. A good agreement between
column 4 in Table 2 and column 3 in Table 1 is obtained.

The deconvolution experiment shown in Fig. 4a allows
one to interpret correctly the CH, responses of Fig. 2b.
Peak 2 in Figs. 2a and 2b is due to the hydrogenation of
a very active CH, species (not exchangeable with *CO).
Peak 3, which is observed in Figs. 2a and 2b, arises from
the hydrogenation of two kinds of adsorbed carbon spe-
cies. One is the surface CO, which readily exchanges with
gaseous ">CO, and the other one is the C,H, species which
does not exchange with *CO. The hydrogenation of these
two species produces peak 3, an initial shoulder followed
by a distinct maximum. The growing and shifting of this
maximum with time on stream is caused by the growth

of the C,H, species because the CH, response due to
adsorbed CO species stays constant with time on stream
(Fig. 4a). The shoulder seems to be due to the hydrogena-
tion of CO adsorbed species.

A TPR experiment in H, flow, following that of isother-
mal hydrogenation after 1800 s of reaction in CO/H, (Fig.
4a), reveals that less active carbonaceous species which
do not exchange with *CQO at 220°C accumulate on the
catalyst surface (Fig. 4b); note that no BCH, is detected
during this H, TPR. The amount of the less active nonex-
changeable carbonaceous species is given in Table 2, col-
umn 2 as a function of time in CO/H, reaction. These
results show that these species accumulate slowly on the
catalyst surface.

(1d) Measurement of hydrogen coverage during CO/
H,reaction at 220°C. The total quantity of carbonaceous
adsorbed species formed on the rhodium surface exceeds
the monolayer value (see Table 1, column 5). This means
that during CO/H, reaction the number of sites for hydro-
gen chemisorption must be very low. Attempts were made
to measure this surface hydrogen coverage. After reaction

TABLE 2

Coverage of Surface Carbon-Containing Species Hydrogenated
to CH, According to the Delivery Sequence CO/H, (220°C, At) —
BCO/He (30 s) —» H, (t), TPR

Time in CH, BCH, Total
CO/H, (At) (s) (monolayers) (monolayers) (monolayers)
30 0.54 0.97 1.51
600 0.90 (1.05)" 0.96 1.86 (2.01)
1800 0.96 (1.54) 0.95 1.91 (2.49)

¢ Number in parentheses includes less active carbonaceous species
hydrogenated at 7 > 220°C.
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in CO/H, for a period of time, ¢, the feed is changed to
Ar for 30 s and the reactor is quickly cooled to 40°C
followed by H, chemisorption (I atm H,, 10 min). The
reactoris then purged with Ar for 120 s, while the tempera-
ture is increased to carry out a H, TPD. Two peaks of
H, are observed: a first sharp peak at T, around 100°C,
followed by a broad peak at 350°C. Only the first peak is
due to hydrogen chemisorption on the Rh surface (assign-
ment based on the results obtained on a clean Rh/AlO,
catalyst). The second peak is due to other adsorbed spe-
cies, as is shown and discussed below. The first peak
leads to a very low value for hydrogen coverage: 6, =
0.05 and 0.02 for 30 s and 1/2 h on stream in CO/H,,
respectively, in agreement with the measured coverages
of the other adsorbed carbonaceous species. These values
indicate that a decrease of hydrogen sites occurs during
CO/H, reaction. Note that these coverages represent an
upper limit of the true surface coverage of hydrogen ob-
tained during reaction since some CO may desorb during
the cooling procedure applied before H, chemisorption.
However, a small amount of adsorbed H, may react with
the active CH, species during TPD in the range
100-160°C (6, 7).

(2) Transient FTIR Analysis of Adsorbed Species

(2a) Adsorbed species formed during CO/H, reaction
at 220°C. The population of adsorbed intermediate spe-
cies on the surface of the 1 wt% Rh/Al,O, catalyst during
CO/H, reaction at 220°C was studied by in situ FTIR.
Figures 5A and 5B show IR bands in the range 1150-2250
cm™! and 2700-3100 cm™!, respectively, for times on
stream between 40 s and 1 h. The fresh catalyst sample,
before reaction, was reduced in H, at 350°C for 1 h and
purged in He for 10 min. After 40 s in CO/H,, the IR
bands recorded at 2046 and 1837 cm ™! (Fig. 5A, spectrum
(a)) correspond to linear CO and bridged CO species,

osl 2046

0.61
041

0.2t

0.0 -
2250

Absorbance

T100 1150
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FIG. 5.
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respectively. For times on stream in CO/H, larger than
160 s, the IR bands recorded at 1592, 1392, and 1378 cm ™!
(Fig. SA, spectra (c)-(e)) correspond to formate, COOH
species, and the IR band at 1460 cm ™! to ionic carbonate
adsorbed species. Figure 5B shows CH bands in the range
2700-3100 cm~!. The bands recorded at 2950 and 2847
cm ! with a shoulder at 2910 cm ™! (spectrum (d)) develop
with increasing time on stream. These IR bands may not
be attributed only to the formate species, which leads
usually to two main IR bands in the range 3000—2800 cm ™!
(around 2850 and 2950 cm~') with the intensity of the
2850 cm~! band higher than that of the 2950 cm~! band.
Thus, other hydrocarbon species such as C H, (alkyl
chains) are present on the catalyst surface. The assign-
ment of these IR bands is discussed below in some detail.

In Fig. 5A it is clearly observed that between 40 s and
1 h on stream the intensity of the linear CO species (IR
bands at 2046 cm ~!) stays constant. However, the inten-
sity of the bridged CO species increases slowly between
160 s and 30 min on stream, while it stays practically
constant after 30 min of reaction. On the other hand, the
coverage of both formate and carbonate adsorbed species
still increases between 40 s and 1 h on stream; an increase
by almost a factor of two can be seen between 1/2 h and
1 h on stream (spectra (d) and (e)). A similar behaviour
is also obtained in Fig. 5B for the CH bands (C,H, and
COOH species), where a continuous growth of these
bands in the range of 40 s to 1 h on stream is noted.
However, the increase in the intensity of the CH bands
between 600 s and 1 h on stream (Fig. 5B spectra (c) and
(d), respectively) is smaller than that observed in the case
of COOH and CO}~ species.

(2b) Hydrogenation of adsorbed carbon-containing
species formed after 1 h of reaction in CO/H, at
220°C. FTIR spectra recorded during isothermal hydro-
genation (220°C) of adsorbed carbonaceous species

0.181
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(A) Transient FTIR spectra in the range of 1150-2250 cm™' recorded at 220°C as a function of time on stream, ¢, in CO/H, over a

reduced 1 wt% Rh/ALO; surface. (a) t = 40 s; (b) ¢+ = 160 s; (c) 1 = 600 s; (d) r = 1800 s; (e) r = 3600 s. (B) Transient FTIR spectra in the
range of 2700-3100 cm ! recorded at 220°C as a function of time on stream, t, in CO/H,. (a)-(e) Same as in (A).
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FIG. 6. (A) Transient FTIR spectra in the range of 1150-2250 cm ™' recorded at 220°C as a function of time on stream, ¢, in H, after CO/H,
reaction at 220°C for L h. (a) 1 = 0s;(b)r = 80s;(c)r = 160s; (d) 1 = 240 s; (e) 1 = 320 5. (B) FTIR spectra in the range of 1150-2250 cm ™!
recorded during H, TPR, following CO/H, reaction at 220°C for 1 h and 320 s of isothermal hydrogenation at 220°C (see (A)). (a) T = 265°C; (b)

T = 330°C; (¢) T = 350°C; (d) T = 370°C.

formed after 1 h of reaction in CO/H, at 220°C are pre-
sented in Fig. 6A. During the first 4 min in H,, almost all
the linear and bridged CO species disappear. In contrast,
there is only a small decrease in the surface coverage of
COOH and CO3~ species after 320 s in H,. Thus, these
species do not significantly contribute to the CH, produc-
tion presented in Figs. 2a and 2b. Formate and carbonate
species disappear during H, TPR between 265 and 370°C
(spectra (d) and (e), Fig. 6B).

Figure 7 shows the changes observed in the CH infrared
bands (IR bands at 2950, 2910, and 2847 ¢cm™!) during
hydrogenation at 220°C and also during a TPR process.
Comparing spectra (a)—(c) it can be clearly seen that, after
3 min of hydrogenation reaction at 220°C, most of the CH
infrared bands disappear, and part of the C,H, adsorbed
species is hydrogenated at 220°C. The remaining IR
bands, after 320 s in H, at 220°C, disappear during the
TPR process (spectra (d) and (e)) and may be associated
in part to formate species.

0.20
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0.10] \ , 4
3100

2900 2700
Wavenumber (cm-1)

FIG.7. FTIR spectrain the range of 2700-3100 cm ! recorded during
hydrogenation (isothermal at 220°C and TPR), following CO/H, reaction
at 220°C for 1 h. (a) 220°C, ¢ = 0; (b) 220°C, t = 120 s; (¢) 220°C, ¢t =
320s; (d) T = 265°C; (e) T = 370°C.

(3) Further Characterization of the Adsorbed
Carbonaceous Species

(3a) Kinetics of isothermal hydrogenation of C H, ad-
sorbed species at 220°C. It has been shown through the
isotopic deconvolution experiment shown in Fig. 4a that
peak 3, shown in Fig. 2b, is due to an overlap between
two species, that of surface CO and C,H,. The isothermal
deconvolution experiment showed also that it is the hy-
drogenation of the C,H, species which determines the
time of appearance, ¢, of the maximum of peak 3. Thus,
the shift of this peak (higher value of 7,) with time on
stream in CO/H, (Fig. 2b) must be related to this species.
A kinetic model developed by Bianchi and Gass (32) is
used in the present work to study the isothermal hydroge-
nation of the C H, species using the values of #,, observed.

A brief description of the model is appropriate. The
assumed mechanism of hydrogenation of an adsorbed car-
bon-containing species to CH, is that of a stepwise addi-
tion of adsorbed hydrogen atoms (H*). If it is considered
that there are o steps with the same rate constant k (k =
A exp (— E/RT) which influence the rate of methane pro-
duction (all other steps have rate constants 3 £}, and the
concentration of sites which chemisorb hydrogen, H, is
constant during the hydrogenation process (a change by
poisoning during CO/H, reaction might also be consid-
ered), then the following Eq. [3] is obtained (32):

t, = (@ — 1)/(A H exp (—E,/RT)). [3)

Equation [3] shows that the existence of a peak maximum
in the CH, rate response obtained during isothermal hy-
drogenation implies that there is more than one step which
controls the overall hydrogenation process. If this is true,
experiments at different hydrogenation temperatures, for
a given CO/H, reaction time and temperature, should
result in different ¢, values. A plot of Lin (z,,) vs 1/T should
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result in a straight line according to Eq. {4]:
Ln(t,) = Ln ((a« — DY/(AH)) + (E/R)(V/T). [4]

Figure 8a presents isothermal hydrogenation results at
209°C (curve A), 198°C (curve B), and 190°C (curve C)
performed according to the following experimental proce-
dure: After reduction of the catalyst at 350°C for 2 h and
a 10-min He purge, the reactor is cooled in He to 220°C
and the feed is changed to CO/H, for 120 s. Then the
reactor is cooled quickly in CO/H, to the hydrogenation
temperature, T, at which a H, switch is made. The CH,
transient responses obtained from the latter H, switch as
a function of hydrogenation temperature are presented in
Fig. 8a. There is a clear shift, towards longer times in H,,
of the time of appearance of the peak maximum of CH,
response, 7, as the temperature of hydrogenation de-
creases. Valuesof 7, = 28,75, 125, and 195 s are obtained
corresponding to T = 209, 198, 190, and 185°C. Using
Eq. [4], a plot of Ln (¢,) vs 1/T is constructed, and this
is shown in Fig. 8b. Note the very good fit of the data to
the model, where an activation energy of E, = 34.5 kcal/
mol is obtained.

In order to justify the assumption made in the model,
related to the fact that the concentration of sites for H,
chemisorption do not change during hydrogenation, the
following experiments were conducted. After reaction in
CO/H, at 220°C for 1/2 h, the feed is changed to H,
for time At, performing, therefore, hydrogenation of the
adsorbed carbon species as shown in Fig. 2, followed by
a 30-s Ar purge at 220°C. The reactor is then quickly
cooled to 40°C in Ar flow, followed by H, chemisorption
(1 atm H,) and TPD according to the procedures described
in Section (1d). H, TPD responses are shown in Fig. 9
for times in H,, Ar, of 10 s (curve A), 60 s (curve B), and
120 s (curve C). Two H, peaks are seen in Fig. 9 with Ty
around 110°C (first peak) and 350°C (second peak). The
first peak is due to desorption of chemisorbed atomic
hydrogen species on Rh, as shown by H, chemisorption
at 40°C over a clean Rh/AlLO, surface followed by a TPD

(a) Transient CH, responses obtained according to the deliver
A: T = 209°C; curve B: T = 198°C; curve C: T = 190°C. (b) Plot of Ln

t' sequence CO/H, (220°C, 120 5) — cool in CO/H, 10 T — H, (r). Curve

t) vs 1/T for the isothermal hydrogenation experiments shown in (a).

conducted under the same conditions (flow rate, heating
rate) as in Fig. 9. The source of the second broad H, peak
is due to phenomena other than desorption of chemi-
sorbed hydrogen, as is presented below. Thus, it can be
seen from the first peak of Fig. 9 that after 10 s on stream
in H, flow, following CO/H, reaction, the sites for H,
chemisorption remain practically the same. For the time
scale of the experiments shown in Fig. 8a, the assumption
of a constant H (surface hydrogen site concentration) is,
therefore, valid.

(3b) Interpretation of the second H, peak (Ty, = 350°C)
observed during TPD. During hydrogen desorption
(TPD), following reaction in CO/H, at 220°C and H, che-
misorption at 40°C, it is shown (Fig. 9) that after the initial
narrow H, peak a second broad peak is recorded. Only
the first peak is due to hydrogen chemisorption on the
rhodium surface. The source of the second H, TPD peak
is correlated with desorption/decomposition processes of
adsorbed species as shown by the following experiments:

(a) Following CO/H, reaction at 220°C for 30 s or 1/2
h, the feed is changed to “CO/He for 40 s in order to
exchange the adsorbed '*CO with *CO. Only nonex-
changeable adsorbed species such as formate, carbonate,

1000

800

600

H3 Concentration (ppm)

0 3 3 9 7 15
Time (min)

| - He, TPD (B = 35°C / min)

FIG. 9. H, TPD spectrum obtained according to the delivery se-
quence CO/H,; (220°C, 1/2 h) — H, (A#) — Ar (220°C, 30 s) — cool to
40°C — H, (40°C, 600 s) — Ar (40°C, 120 s) — TPD (8 = 35°C/min).
Curve A: At = 10 s; curve B: At = 60 s; curve C: Ar = 120 s.
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FIG. 10. CO and CO, responses obtained during TPD in He flow
according to the delivery sequence CO/H, (220°C, As) — "CO/He
(220°C, 40 s) — He (220°C, 30 s) — cool in He to 40°C — TPD (8 =
35°C/min). Curve A: Ar = 30 s; curve B: At = 1/2 h.

and C_H, can give “C-containing compounds. The reactor
is then purged in He at 220°C for 30 s and cooled to 40°C,
followed by TPD in He. Figure 10 presents the responses
of ’CO and '>CO, (no other carbonaceous species, such
as CH,, are detected during TPD) measured by mass
spectrometry during TPD in He after 30 s (curves A) and
1/2 h (curves B) on stream in CO/H,. The corresponding
H, response (not shown in Fig. 10) is similar to the broad
peak shown in Fig. 9 and is related to the CO, TPD peak
shown in Fig. 10. Table 3 gives the amounts of CO, CO,,
and H, formed during TPD in He after 30 s and 1/2 h of
reaction in CO/H, (Fig. 10).

(b) Following CO/H, reaction at 220°C for 1/2 h, the
feed is changed to He followed by TPD in He flow (15
K/min), while FTIR spectra in the range of 1150-2250
cm™' (characteristic of all carbon-oxygen bond-con-
taining species) (Fig. 11A), and 3000-4000 cm ™' (charac-
teristic of hydroxyl groups on a surface) (Fig. 11B) are
recorded. It is observed that the linear and bridged CO
species have a lower desorption than hydrogenation rate

Absorbance
=
e

Wavenumber (cm-1)

FIG. 11.

EFSTATHIOU ET AL.

TABLE 3

Amounts of CO, CO,, and H, Produced during He TPD Ac-
cording to the Experimental Sequence CO/H, (220°C, At)— BCO/
He (40 s) — He, Cool to 40°C — He TPD

Time in COo Co, H,
CO/H; (A () (umol/g) {umol/g) {nmol/g)
30 13.7 27.0 20.0
1800 56.4 95.0 145.0

(compare Figs. 6A and 11A), and these species are present
during TPD even at high temperatures (spectra () and
(f)). The amount of COOH species (bands at 1592, 1392,
and 1378 cm™') decreases, while the amount of CO}~
species (band at 1460 cm™') is little affected by the TPD
process in the temperature range of 220-380°C. The IR
bands of the C,H, species decrease in intensity and disap-
pear at around 290°C (not shown). These results indicate
that the "?CO and '2CO, responses mentioned in the previ-
ous paragraph arise from formate and '*C,H, species; a
small contribution of the carbonate species which need
longer times of treatment at 380°C to disappear may also
be considered. Therefore, the C,H, species gives CO and
CO, via an oxidation process. Decomposition of the for-
mate species may follow the route COOH — CO, +
1/2H, (33, 34). The latter remark explains the hydrogen
detection simultaneously with the CO, production.
However, Table 3 shows that the ratio of CO,/H (atomic
hydrogen) is lower than 1 (value obtained from formate
decomposition) and decreases with time on stream from
0.67 to 0.32. This means that another source of hydrogen
exists on the surface. The following interpretation may
be suggested. During CO/H, reaction, the water produced
is partially adsorbed on the alumina support as hydroxyl
groups characterized by IR bands at 3670 and 3570 cm ™!

Absorbance

3000

4000

Wavenumber (cm-1)

(A) FTIR spectra in the range of 1150-2250 cm ™' recorded after CO/H, reaction at 220°C for 1/2 h and during He TPD, following

CO/H, reaction. (a) after 1/2 h of CO/H, reaction; (b) after He purge at 220°C for 120 s;(¢) T = 260°C; (d) T = 320°C; (e} T = 370°C; (6 T =
380°C. (B) FTIR spectra in the range of 3000-4000 cm~' recorded during the experiment described in (A) as follows: (a) at 220°C in He flow
before CO/H, reaction; (b) at 220°C after 1/2 h in CO/H,; (c) at 250°C during He TPD; (d) at 370°C during He TPD.
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(compare spectra (a) and (b) in Fig. 11B). During He TPD,
these IR bands start to decrease (spectra (¢) and (d)) and
this result indicates the dehydroxylation of the alumina.
The water produced from the latter process may decom-
pose on the Rh surface to produce H, gas (second source
of H,) and adsorbed atomic oxygen. This oxygen may
either react with the carbonaceous adsorbed species C,H,
to produce CO and CO,, or stay adsorbed on the Rh
surface.

A comparison of the carbon mass balance obtained
from the TPD experiment (Table 3), related to the ad-
sorbed carbon species other than CO, and that obtained
from the hydrogenation process shown in Fig. 4a (isother-
mal + TPR) (Table 2, '>*CH, response) leads to the follow-
ing remarks: For 30 s on stream, a good agreement is
found, that is 0.54 of a monolayer after hydrogen titration
and 0.62 after TPD. However, a difference is observed
for 1/2 on stream. After hydrogen titration, 1.54 of a
monolayer is obtained, while after TPD, 2.32 of a mono-
layer is obtained. This difference is due to the fact that
carbonate and formate species, which do not fully react
to CH, during TPR, also give CO and CO,. These species
accumulate slowly with time on stream (not detected after
30 s) and this fact explains the quantitative differences
observed between the two methods of characterization.

DISCUSSION

The purpose of the present work is to in situ study the
evolution of the adsorbed species formed during CO/H,
reaction at 220°C on the surface of 1 wt% Rh/Al,O, cata-
lyst of 1.5-nm Rh particle size. This characterization con-
cerns both the nature and the quantity of the adsorbed
species, as well as their reactivity towards hydrogenation,
exchange with gaseous *CO, and desorption in He flow.

(1) Chemical Composition of the Adsorbed
Carbonaceous Species Formed during CO/H,
Reaction at 220°C

The identification of the adsorbed carbonaceous species
was mainly performed using the FTIR spectra in the
ranges of 1150-2250 cm~' and 2700-3100 cm ™! recorded
during reaction at 220°C (Figs. SA and 5B).

(la) Infrared bands in the range of 1150-2250
cm~'. The spectra shown in Fig. SA reveal the presence
of IR bands at 2046 and 1837 cm™' which indicate the
formation of linear and bridged adsorbed CO species on
the rhodium surface, respectively (35-37). At this temper-
ature (220°C), gem-dicarbonyl CO species are not de-
tected. The linear CO IR band dominates, and its position
and intensity stay constant with time on stream. On the
other hand, a slight increase of the intensity of the IR
band associated with the bridged CO species is observed
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during the first 10 min of reaction without any change
of its position. A similar behaviour has been reported
previously on the 1 wt% Ru/ALO; catalyst (38), but this
concerned the IR band of the linear CO species. The
authors suggested that during CO/H, reaction the disper-
sion of Ru metal may increase by converting small three-
dimensional Ru particles into two-dimensional rafts,
thereby exposing more metal atoms. In the present case,
the effect of time on stream concerns only the bridged
CO species. Taking into account the preceding remark
over the Ru/Al,O; catalyst (38), it is considered here that
reconstruction of the Rh metal particles would have an
effect only on the formation of bridged CO species, and
this suggests an increase of the Rh particle size during
CO/H, reaction. This would require a rather complex
mechanism since the surface coverage of linear CO spe-
cies does not change with reaction time. Another interpre-
tation to consider is that the increase of the intensity of
the bridged CO IR band may be due to the slow accumula-
tion of other adsorbed species on the rhodium surface
which interact with the bridged CO species.

The other IR bands shown in the spectra of Fig. SA
indicate that the coverages of the corresponding adsorbed
species change with time in CO/H, reaction. The intensity
of the IR bands detected at 1592, 1460, 1392, and 1378
cm~! increases continuously with time on stream, even
after 1 h of CO/H, reaction. Similar bands (position and
relative intensity) have been observed on various ruthe-
nium supported catalysts during CO/H, reaction, for ex-
ample, over 5% Ru/Al,0; (39) (1585, 1460, 1392, and 1378
cm™') and 1% Ru/Al,O4 (38) (1590, 1450, 1390, and 1370
cm™!). The IR bands at 1592, 1392, and 1378 cm™! are
commonly observed on oxide catalysts for methanol syn-
thesis, and it has been reported that, on alumina alone,
these bands are formed in the presence of CO and traces
of water (39). They are attributed to formate adsorbed
species; 1585 cm~!' = v, COO, 1378 cm~! = v,COO,
and 1392 cm~! = § CH (34, 40, 41). Some discussion is
appropriate for the attribution of the 1392 cm ™! band to
a CH bond since the intensity of the 8 CH infrared bands
is usually lower than that of COO bands. This remark
leads to another interpretation which considers the bands
at 1378 and 1392 cm ™! as two vsCOO of two formate
species having the same v,,COO at 1585 cm ™! (34, 42).
According to this interpretation, the 8 CH is not detected.
Taking into account the difference between the v,,COO
and the vgCOO, which is larger than 200 cm ™', the struc-
ture of the formate is bidentate rather than unidentate
(43). Thus, the three IR bands at 1592, 1392, and 1378
cm ™! observed in this work are attributed to the presence
of formate on the alumina support in agreement with pre-
vious work (38, 39, 44).

The 1460 cm™~" IR band is observed in many studies
and is related to CO, adsorption on metal oxides. It is
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attributed to ionic carbonate species, CO%™, which is the
only carbonate giving only one IR band in the region of
1700-1150 cm™' (39, 45). The formation of the formate
and carbonate species on the alumina support explains
the fact that these species are not hydrogenated with a
significant rate at 220°C as compared with the other ad-
sorbed species present on the Rh surface (compare Figs.
S and 6).

(1b) Infrared bands in the range of 2700-3100
c¢m~'. The IR bands in the range of 3100-2700 ¢m ™!
(bands at 2950, 2910, and 2847 cm ™' in Fig. 5B) are also
related to carbonaceous adsorbed species. Similar bands
have also been observed on various Ru catalysts (38, 39,
44, 46, 47) during CO/H, reaction but with the 2950 cm '
band appearing as a shoulder of the 2910 cm ! band and
not as the most intense band, a result which is observed
in the present study. On Rh/SiO, (48), IR bands have
been observed at 2960, 2924, and 2852 cm ™! during CO/
H, reaction but these bands were associated with species
identical to those formed after acetaldehyde adsorption.

To interpret the three hydrocarbon bands (2950, 2910,
and 2847 cm ') shown in Fig. 5B, one has to consider
that formate species (detected after 10 min on stream)
lead usually to two main IR bands (at around 2970 and
2882 cm ™), with the intensity of the first band being lower
by a factor of 3—4 than the intensity of the second band.
The 2882 ¢cm ™! band is attributed to the vCH bond and
the 2970 cm! band is due to superposition or overtone of
the fundamental frequencies associated with the Fermi
resonance (40, 41, 49). In the present work, the three
bands shown in Fig. 5B suggest that other adsorbed hydro-
gen-containing carbonaceous species are formed. These
species are considered to be of C,H, form since no car-
bon-oxygen bond is detected in the range of 1700-1100
cm™'. At 220°C, these C,H, species disappear faster dur-
ing hydrogenation than during a desorption process in He
flow (Figs. 7 and 10), in agreement with the observations
of Bell and co-workers (38, 46). This remark is in favour
of a species adsorbed on the metallic phase of the catalyst
(38, 46). Dalla Betta and Shelef (39) observed similar IR
bands, but, taking into account that these bands were not
exchangeable after the switch CO/H,— CO/D, was made,
the authors considered that the species are on the alumina
support. This observation mainly suggests that these spe-
cies do not participate in the formation of CH, during
CO/H, reaction, a conclusion consistent with the present
isotopic results shown in Fig. 1 and Table 2.

After 320 s of hydrogenation at 220°C, the intensity of
the CH bands has strongly decreased (compare spectra
(a) and (c) in Fig. 7), while the IR bands of the formate
(range 1700-1200 cm~') remained unaffected. Spectrum
(c) in Fig. 7 does not correspond to one of the formate
species, mainly because of the presence of the 2910 cm ™!
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band. This band seems to be due to a less active hydrocar-
bon species, Cg, which is slowly formed during CO/H,
reaction (see Fig. 5B). It must be noted that the ratio of
the intensities of the IR bands at 1592 and 2847 cm ~! after
320 s of hydrogenation is of the order of 10, a value which
was found for a formate species formed on ZrQO, after
adsorption of CO (50). This means that the species which
gives the IR band at 2910 cm ™' does not contribute sig-
nificantly to the bands at 2847 ¢m~!. This less active
hydrocarbon species C; may be formed either on the me-
tallic surface (38) or on the acidic sites of the alumina
support, the latter being able to strongly adsorb olefin
compounds (39, 45). Assuming the same intensity for all
CH bands, this species represents only a small fraction
of the C H, adsorbed species hydrogenated at 220°C.

The IR bands observed in the range of 3100-2700 cm ~'
and recorded after 1 h of reaction must be interpreted as
an overlap of spectra of various adsorbed species, which
may be ordered according to their contribution to the
spectra, as follows: (a) C H, species hydrogenated at
220°C (formed on the Rh surface), (b) formate species
(adsorbed on the alumina support), and (c) a less active
hydrocarbon species, Cg, formed either on the Rh or the
alumina support.

Some details on the structure of the hydrocarbon spe-
cies may be obtained from the IR spectrum in the range
of 3100-2800 cm™'. Taking into account the stretching
vibrational mode (asymmetrical and symmetrical) of
—CH;- and —CH,- groups, previous studies (38, 39, 44,
46-48) attributed the pair of IR bands at 2960 cm ™' (asym)
and 2840 cm ™' (sym) to methyl group (-CH,-), and the
pair of bands at 2910 cm™~! (asym) and 2840 cm ! (sym)
to methylene group (-CH,-). It is the asymmetrical mode
which permits us to make a distinction between the two
groups. The intensity of the IR band of the asymmetrical
mode is usually higher than that of symmetrical mode.
Taking into account these remarks, the spectrum recorded
after hydrogenation of adsorbed species at 220°C shows
two main IR bands at 2910 and 2840 cm~'. The infrared
band at 2840 cm~! is mainly due to formate species, with
probably a small contribution of the symmetrical mode
of the methylene group, the latter giving the IR band at
2910 cm~!'. Thus, the less active hydrocarbon species,
C;, seems to be a methylene species adsorbed either on
the Rh surface or on the alumina support. A comparison
between this spectrum and the one recorded after 1 h on
stream shows that the hydrogenated species are mainly
methyl groups (asym stretching mode at 2960 cm ™' with
a symmetrical mode superimposed on the 2840 cm™!
bands). The groups —-CH;~ are probably not adsorbed
directly on the Rh surface but consist of some chains with
alow hydrogen content, such as (CH,),~C-ads or (CH,),,_,
—CH-ads (n = 1, 2, 3) species (51, 60). A structure like
CH,-CH, seems not to be possible since there are no
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significant differences in the intensity of the CH, group
(2910 cm ™) before and after hydrogenation.

(2) Catalyst Surface Composition during CO/H,
Reaction at 220°C and Related Remarks

Infrared spectroscopy permitted identification of most
of the adsorbed surface intermediate species formed dur-
ing CO/H, reaction at 220°C on the present 1 wt% Rh/
Al,O, catalyst. On the other hand, transient experiments
(steady-state tracing, isotopic exchange, isothermal and
temperature-programmed hydrogenation, and TPD), us-
ing mass spectrometer as a detector, permitted quantifi-
cation of the surface composition of the catalyst during
reaction. A comparison between the two sources of data
leads to distinction between active and inactive (specta-
tor) carbonaceous species not hydrogenated at the reac-
tion temperature of 220°C.

FTIR results have shown that adsorbed CO species
(linear and bridged) on the Rh surface are hydrogenated
at 220°C within the first 3 min of the experiment (Fig.
6A). This means that CO adsorbed species contribute to
the CH, response which produces peak 3 during isother-
mal hydrogenation at 220°C (Fig. 2). C H, species, which
contain —CH;, groups, are also hydrogenated at 220°C dur-
ing the first 3 min of the experiment (Fig. 7). These species
also contribute to the formation of peak 3 shown in Fig.
2. Therefore, the appearance of CH, peak 3 is the result
of an overlap between the rates of hydrogenation to CH, of
CO and C,H, species; the appearance of an initial shoulder
before the distinct maximum of peak 3 observed in Fig.
2 is also a related result. Column 3 in Table | gives the
amount of CO and C,H, species contributing to peak 3 in
Fig. 2. The individual contribution of each species to peak
3 is obtained using the isotopic deconvolution experiment.
This experiment revealed that adsorbed CO species are
exchangeable after *CO/He treatment, while the opposite
is true for the C H, species. Isothermal hydrogenation
at 220°C, following the isotopic exchange, permitted the
measurement of adsorbed CO (linear and bridged) based
on the CH, response, while the measurement of C,H,
species is based on the '2CH, response obtained (Fig. 4a).
These results are summarized in Table 4. Note that the
measurement of surface adsorbed CO is best obtained
using the steady-state tracing experiment shown in Fig. 1.

The amount of C H, species (Table 4, column 4) in-
creases with time on stream during the first 10 min of
reaction (in agreement with the FTIR results of Fig. SB),
while the amount of adsorbed CO stays practically con-
stant with time on stream (Table 4, column 2}. The in-
crease of the intensity of the IR band of the bridged CO
species with time on stream is related to an interaction
of CO with an adsorbed species which grows with time
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TABLE 4

Time Dependence of Surface Coverage of Carbon-Containing
Species Formed during CO/H, Reaction at 220°C over 1 wt% Rh/
A),0; Catalyst

Monolayers
Time in
CO/H, (A1) (5) CO CH, CH, COOH. COi~, Cy°

30 0.95 0.03 0.54 —b

50 . _c . b

120 0.95 0.02 ~ 0.05

600 — — 0.90 0.21

1800 0.93 0.03 0.96 0.49

3600 0.92 0.02 — 0.84

“ Cyis a hydrogen-containing carbon species hydrogenated to CH, at
T > 220°C (-CH, species)

% The surface coverage is too small to be measured by mass spec-
trometer.

¢ Not measured.

on stream (such as the C,H, species) rather than to an
increase of the number of Rh sites.

The hydrogenation of adsorbed carbonaceous species
at 220°C, following CO/H, reaction, reveals an initial
overshoot (peak 2 in Figs. 2 and 3) which corresponds
to the hydrogenation of a very active carbon-containing
adsorbed species. This isothermal hydrogenation experi-
ment does not permit an accurate measurement of the
amount of this active carbon species due to an overlap
with peak 3. However, the surface coverage of this active
carbon species is obtained from the steady-state tracing
experiment of Fig. 1 and is reported in Table 4, column
3. The latter experiment shows that the active carbon
species which truly participates in the CH, formation dur-
ing CO/H, reaction has a very small surface coverage
independent of time on stream in CO/H, (8 = 0.015-0.018
in the range of 30-3600 s). The very small surface cover-
age of this active carbon species explains why this species
cannot be detected using FTIR spectroscopy. To reason
about the chemical nature of this species, it is only known
from this work that it does not exchange with gaseous or
surface 3CO. Considering what has been reported in the
literature (6, 7) on a similar species obtained after CO/
H, reaction over a 5 wt% Rh/Al,O; catalyst, it may be
proposed that this active carbon species is a CH, species
with x being zero.

The overshooting of peak 2 (after the switch from CO/
H, to H,) is due to the hydrogenation of an active CH,
species formed during CO/H, reaction, as previously
mentioned. The sudden increase of the hydrogen surface
coverage at the H, switch (due to some desorption of CQO)
is responsible for the observed larger intensity of CH,
peak 2 as compared to that of peak 1 (after the switch from
He to CO/H,). This increase in the hydrogen coverage is
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associated with the fact that during CO/H, reaction the
number of sites for H, chemisorption is very small and
decreases with time on stream (6y = 0.05 after 30 s and
0y = 0.02 after 30 min; see Section 1(d)) under Results.

The three kinds of adsorbed carbonaceous species
formed during CO/H, reaction at 220°C, which have al-
ready been described (adsorbed CO, CH,, and C.H,), are
hydrogenated in pure H, at the reaction temperature of
220°C. The other species present on the surface of Rh/
ALO; catalyst are only hydrogenated at higher tempera-
tures during a TPR process. These species were identified,
using FTIR, as bidentate formate (HCOO), ionic carbon-
ate, CO3~, and a —CH, hydrocarbon species. The first
two species are formed on the alumina support, and the
third species may be formed either on the Rh surface or
on the alumina support. An estimation of the amount of
these three species with time on stream in CO/H, is ob-
tained by TPR (Table 1). However, an accurate value
may be obtained by TPD (Fig. 10, Table 3). Isothermal
hydrogenation at 220°C provided the amount of C H, spe-
cies (8 = 0.96 after 30 min on stream, Table 2). On the
other hand, the total CO and CO, production during TPD
(Fig. 10) leads to & = 2.32. This means that formate,
carbonate, and the less active —~CH, hydrocarbon species
amount to 8 = 1.36. However, the CH, production during
TPR, following CO/H, reaction for 30 min, gives § =
0.49. This discrepancy between the two experiments is
due to the fact that, during TPR, CO and CO, are also
formed, as has been discussed in a previous section. Table
4, column 5 gives the amount of COOH, CO3} ", and -CH,
species, hydrogenated to CH, in the range of 260-450°C,
which accumulate on the catalyst surface with reaction
time. As mentioned above, this quantity must be seen as
a minimum of the true quantity formed during reaction
conditions. The true quantity of these species has only
been measured after 30 s and 1/2 h of reaction time using
TPD (Fig. 10, Table 3).

(3) Effects of Rh Particle Size on the Coverage of
Intermediate Species Formed during CO/H, Reaction
at 220°C

A comparison between the present work and that pre-
viously reported over the 5 wt% Rh/ALO; catalyst (6, 7),
with a Rh particle size of 9.0 nm, provides information
about possible effects of Rh particle size on the composi-
tion of the catalyst surface obtained under reaction condi-
tions. In our previous study over the S wt% Rh/ALO,
catalyst (6, 7), and for the same experimental conditions
(T = 220°C, H,/CO = 9, Pry = 0.1, Xo < 1%), it was
found that the surface coverage of CH, species is of the
same order of magnitude (3-5% of a monolayer) as that
found over the present catalyst of 1.5 nm of Rh particle
size. However, on the 5 wt% Rh/ALO, the coverage of
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the CO adsorbed species decreases with time on stream
from 6c, = 0.87, after 120 s on stream, to 0.6, after I
h on stream. The amount of hydrocarbon species C H,
formed on the Rh surface is found to increase with time
on stream. For the same time on stream, the quantities
of C H, formed (6 = 1.47)is higher over the S wt% Rh(9.0
nm)/AlLO; than on the 1 wt% Rh (1.5 nm)/Al,O, (8 =
0.9) catalyst. On the other hand, the amount of carbon
species hydrogenated at 7 > 220°C during TPR is found
to be of the same order of magnitude, for the same time
on stream. This is in agreement with the fact that in the
present study it has been shown that these species are
mainly formate and ionic carbonate formed on the alumina
support. Recent transient FTIR resuits (52) have also con-
firmed the presence of formate and carbonate on the sup-
port of the 5 wt% Rh/Al,O, catalyst.

The present results, and those previously reported over
the 5 wt% Rh/ALO, catalyst {6, 7), indicate that the
TOFy, at 220°C over the latter catalyst formulation is
larger by a factor of 4. Taking into account the surface
composition of both catalysts under the same CO/H, reac-
tion conditions, some remarks can be given. First, on
both catalysts the coverage of adsorbed CO species is
large (6co = 0.6~0.9) and that of CH, low (6¢y < 0.05)
during reaction conditions. These results imply that disso-
ciation of CO largely influences the methanation reaction
rate. However, this step does not control completely the
reaction pathway for methane production since, during
steady-state tracing (Fig. 1), the *CH, response would
be essentially superposed on that of *CO response, and
the CH, coverage would be immeasurably small, which
is the opposite to that found (Table 4). This means that
hydrogenation steps of CH, intermediate species could
influence the kinetics of methane production as well.

From the measurements of the CH, and CO coverages
on both Rh/ALO; catalysts, it is clear that neither quantity
could explain the difference, by a factor of 4, in the meth-
ane turnover frequency observed between the two cata-
lysts. Some other kinetic factors must be responsible for
this behaviour. For example, considering the dissociation
step of the linear CO species, vacant sites are required
for the adsorption of atomic oxygen. This means that the
coverage of vacant sites may affect the rate of dissociation
of CO during reaction, and, therefore, the rate of CH,
production. According to the values of the coverages of
CH,, CO, and C H, adsorbed species, the coverage of
vacant sites, 6y, must be low, and a small difference in
the coverage of either one of these species (C,H, or CH,)
over the two Rh/Al,Os catalysts may strongly affect their
corresponding 6, values. The same argument could be
used for the hydrogen chemisorption sites. It is easy to
show that a small change (1 kcal/mol) in the activation
energy of one of the elementary steps (dissociation or
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hydrogenation) could also explain the difference in the
turnover frequencies of methane production obtained
over the two Rh particle sizes. Therefore, based on all of
these remarks it becomes rather clear that it is difficult
to justify the origin of the effect of particle size on the
methane turnover frequency taking into account only one
or two kinetic parameters from those mentioned above.

Particle size effects in the CO/H, reaction over group
VIII metal-supported catalysts are in general considered
to be small (53). It is also interesting to mention that large
effects on the turnover frequency of methane production
over metal-supported catalysts have been reported with
respect to the chemical composition of support (54, 55).
These effects have been attributed to the different rate
constant, k, of the dissociation step of CO among the
various Rh-supported catalysts studied (54), and also to
some electronic interactions between the Rh surface and
the support which are induced by the dopant used in the
lattice of the metal oxide support (55).

(4) Remarks on the Kinetics

Some further remarks on the kinetics of CO hydrogena-
tion, in addition to those given in the previous section,
are considered here. The average rate constant k (s~ ") for
the elementary step of hydrogenation of CH, species can
be calculated from the 6y values obtained via the steady-
state tracing experiment of Fig. 1. A values of k
(k = TOF/0cy = l/tcy ) between0.2and 0.3 s~ lis found
for T = 220°C. Over the 5 wt% Rh(9.0 nm)/Al,0; catalyst
a value of k between 0.4 and 0.8 s~ has been obtained
at 220°C (6, 7). These values are similar to those obtained
for Rh/Si0, (k < 0.2 s7!, Ref. (15)), Rh/MgO (k = 0.
s~ 1, Ref. (8)), Ru/SiO, (k = 0.18 s ™!, Ref. (56)), Ru/TiO,
(k = 0.41 s7', Ref. (56)), and P/TiO, (k < 0.5 s7!, Ref.
(57)). On the other hand, k values for Ni/AL,O, (10) and
Raney Ni (58) catalysts were found to be lower by about
two orders of magnitude. The interpretation of the differ-
ences in the values of the rate constant k of the hydrogena-
tion step of CH, species to methane must be made with
caution, since the dependence of the methanation turn-
over frequency on the hydrogen coverage is incorporated
into k. Thus, before attempting to draw any conclusions
about the effect of metal or support on the intrinsic & of
the hydrogenation step of CH, species, the dependence
of k on the hydrogen coverage must be known.

For the Rh/AlLO, (Ref. (7) and the present work), Rh/
Si0, (15), and Rh/MgO (8), the coverage of active CH,
species is very low (fcy < 0.1), whereas that of CO is
high (0.6 < 6 < 0.9). These results suggest that, for Rh
supported on Al,O,, Si0,, and MgO, the step which
mainly controls methanation reaction is the dissociation
of surface CO. However, the possibility that the low value
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of 6y, may be restricted by the availability of active sites
for CO dissociation cannot be excluded. On the other
hand, for Ru (59), Ni (10), and Fe (11) supported on Al,O4,
the 0 is 0.75, 0.5, and less than 0.1, respectively. In
addition, the 6y _is relatively high on Ni/Al,O, (10) and
Fe/AlLO,(11) catalysts For Ni and Fe supported on Al,O,
(10, 11), the hydrogenation step of CH, may seem to
control the rate of methane formation.

The observed decrease in the TOF of methane forma-
tion, approximately 20% after 1 h of reaction time, coin-
cides with the increase in the surface coverage of C,H,
hydrocarbon adsorbed species but not with any change
in the ¢y or g (see Table 4). It may be speculated that
some of these inactive (spectator) species must decrease
the coverage of empty sites 6y, and also the number of
sites for hydrogen chemisorption, therefore decreasing
the methanation rate.

Figure 9 shows that, after approximately 10 s of hydro-
genation at 220°C, the coverage of the hydrogen sites
increases from the inital value of 8; = 0.05 to 4 = 0.32.
For longer times on stream, the increase of 6, becomes
smaller (6 = 0.48 after 120 s of hydrogenation). The
recovering of hydrogen sites is related to the hydrogena-
tion of the CO adsorbed species, the latter hydrogenated
first according to the isotopic deconvolution experiment
of Fig. 4, followed by the hydrogenation of C,H, species.
The decrease of the number of sites for hydrogen chemi-
sorption with time on stream in CO/H, explains the ob-
served shift of CH, peak 3 maximum with time on stream
(Fig. 2b) according to a previous work (32). The isotopic
deconvolution experiment (Fig. 4a) indicates that only the
12CH, response, due to the hydrogenation of C H, species,
is affected by the time on stream in CO/H,. The '*CH,
response, due to the hydrogenation of CO, is only shghtly
affected. Therefore, the decrease of the number of hydro-
gen sites with time on stream does not affect to the same
extent the CO and C,H, hydrogenation kinetics; this as-
pect will be developed further in a subsequent paper and
is related to the mechanism of the hydrogenation process.
Considering the kinetic model described previously (32),
the shift of peak 3 maximum (7, value) with temperature
of hydrogenation (Fig. 8a) is used to evaluate kinetic pa-
rameters of the hydrogenation process of C,H, species.
These results show that the hydrogenation of C H, species
proceeds with a mechanism having two or more steps,
which influence the reaction rate, with the same rate con-
stant £ and an activation energy of 34 kcal/mol. In addi-
tion, the good fitting of the results to the model (Fig. 8b)
suggests that indeed the hydrogen concentration stays
practically constant during the isothermal hydrogenation
process of the C H, species. The latter result agrees with
the hydrogen chemisorption measurements obtained after
various times of hydrogenation (see Fig. 9).
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CONCLUSIONS

The following conclusions can be drawn from the re-
sults of the present work.

(1) The rate of the CO/H, reaction at 220°C over | wt%
Rh(1.5 nm)/AlL, O, catalyst is largely controlled by the rate
of dissociation of surface CO, a conclusion similar to that
drawn for the 5 wt% Rh(9.0 nm)/Al,O, catalyst (6, 7).

(2) There is present on the Rh surface a large pool of
surface CO and a very small pool of active carbon CH,
through which the carbon from CO passes as it forms
CH,. The same behaviour is also true over larger Rh
particles (9.0 nm) supported on alumina (6, 7). However,
the surface coverage of CO for the latter case largely
decreases with time on stream in CO/H,, a result which
is opposite to that found in the present work.

(3) C,H, hydrocarbon adsorbed species {(containing
—CH, and —CH; groups) are formed on the Rh surface
during CO/H, reaction at 220°C. These species largely
grow with reaction time but are inactive (spectator) during
methanation reaction. However, they are hydrogenated
to CH, in pure H, at 220°C with an activation energy of
34 kcal/mol and they do not exchange with gaseous or
adsorbed *CO.

(4) A small amount of inactive (spectator) hydrocarbon
species Cy (likely of —-CH, structure) is also formed on
the catalyst surface. This species is hydrogenated to CH,
in the temperature range of 260-450°C.

(5) Formate and ionic carbonate species are formed
on the alumina support during CO/H, reaction at 220°C.
These species accumulate on the Rh surface with a lower
rate than the C H, species do, and they do not contribute
to the formation of CH, during CO/H, reaction at 220°C
(spectator species).

(6) The reasons for the difference in the turnover fre-
quency of methane formation obtained over [.5-nm Rh
particles (present work) and 9.0-nm Rh particles (6, 7)
supported on Al,O, cannot be ascribed to only one or two
kinetic parameters which control the reaction process.
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