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The influence of the carrier (Si0O,. AlO:, and Ti0-) on the interaction of supported Rh with H,
and CO and on kinetic parameters in CO hydrogenation is investigated employing transient and
steady-state techniques. TPD of H, revealed two modes of adsorption on Rh/AlLO; and Rh/TiO:,
one of which is activated. This was not observed over Rh/Si0O,. TPD spectra obtained following CO
adsorption reveal significant differences. depending on the carrier. Three major states of desorbing
CO were detected. one of which desorbs as CO» accompanied by H evolution. In Rh/8i0, and Rh/
AlLQ; the weakly adsorbed CO exhibits peak maximum temperatures in the range 90-100°C. while
for the strongly adsorbed CO these are in the range 263-270°C in Rh/SiO, and 210-245°C in Rh/
ALQO,. In both cases, the CO» peak maximum appears in the range 340-355°C. The activity of the
catalysts toward CQO decomposition was found to decrease in the order: Rh/Ti0; » Rh/AlLO, > Rh/
Si0-. This observation has been attributed 10 the creation of new adsorption sites at the Rh-TiO»
interface and carrier participation in the process of CO decomposition. The reactivity of adsorbed
CO 1oward hydrogenation. as investigated by TPR experiments. was found 1o follow the same
order as that for CO decomposition. The Rh/TiO- catalyst was found to be 15-20 times more active
in steady-state CO hydrogenation. as compared to Rh/SiO» and Rh/ALO;. and 10 exhibit lower

activation energies for methanation and water—gas shift reactions.

INTRODUCTION

The adsorption of H> and CO on Group
VIl metal surfaces has been the subject of
extensive research efforts, since these
metals are active catalysts for CO hydroge-
nation and other CO transformation reac-
tions. It has been shown by many investiga-
tors (/-5) that Kkinetic parameters are
frequently influenced by the nature of the
carrier employed to disperse the metallic
phase. The mechanism of the influence of
the carrier on chemisorptive and kinetic pa-
rameters is not always well understood.

The adsorption of H> on Rh(111) surfaces
wdas investigated by Yates et al. (6) with
TPD techniques. A single H, desorption
peak was detected, whose maximum was
found to vary between 117 and 2°C with
increasing surface coverage. Similarly, a
single desorption peak, varying between
235 and 165°C with increasing surface cov-
erage, was observed by Efstathiou and
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Bennett (7) over a 5.2% Rh/Al,O; catalyst.
On the other hand, Bertucco and Bennett
(8) detected two H» desorption peaks from
a 109 Rh/Si0, catalyst, a major one at 162~
167°C and a smaller one at 42°C. Apple et
al. (9) detected three desorption peaks from
Rh/TiO, following a 4-h H, adsorption at
300°C, with peak maximum temperatures at
80, 240, and 540°C. These peaks were at-
tributed to H> desorption from Rh. Hydro-
gen desorption from Rh/TiQ, was also in-
vestigated by Stockwell ¢r al. (10), who
observed a major desorption peak at ap-
proximately 107°C and a broad one between
280 and 430°C, which was attributed to H-
originating from the carrier, following a
spillover process. The adsorption of H> on
Rh has been found to be a nonactivated pro-
cess (6-8), while the heat of adsorption at
low surface coverages was found to be in
the neighborhood of 20 kcal/mol (7, 8) and
to decrease significantly with increasing
surface coverage.
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CO adsorbs molecularly on Group VI
metal surfaces (//, /2) in contrast to disso-
ciative adsorption on other transition metal
surfaces. It can adsorb in three modes, lin-
ear, bridged, and the dicarbonyl mode. CO
desorbs from Rh(I11) or polycrystalline Rh
surfaces following first-order Kinetics (/2).
The TPD spectrum consists of a single peak
at 210-260°C (I3, 14), while a shoulder
peak which often appears to the left of the
major peak is attributed to CO adsorbed in
the bridged mode. CO dissociation is gener-
ally considered to be negligible under ultra-
high vacuum conditions. Similar features
have also been observed in TPD spectra
over a Rh/a-AlL,O; {0001} catalyst, under
ultra-high vacuum conditions (/5).

Significantly different TPD spectra are
observed over Rh dispersed on high-sur-
face-area carriers, in which case both CO
and CO» are detected to desorb. Over Rh/
Al,Os, Efstathiou (/6) observed a single CO
peak at approximately 190°C and two CO,
peaks, a major one at 320 and a minor one
at 90°C. The low-temperature CO, peak
was not considered to originate from CO
decomposition (Boudouard reaction) but
from the interaction of CO with hydroxyl
groups of the carricr. TPD spectra over Rh/
AlO; have also been reported by Oh and
Eickel (/7). who detected CO desorbing at
230-240°C, and by Erdohelyi and Solymosi
(2), who report a CO peak at 200°C and two
CO. peaks at 200 and 315°C. Similar fea-
tures concerning CO desorption were ob-
served by the same authors over Rh/SiO;
and Rh/TiO, catalysts, however, the sec-
ond CO, peak was not observed over Rh/
Si0;.

CO hydrogenation over Rh/Al,O; was in-
vestigated using transient isotopic tech-
niques by Efstathiou and Bennett (/8), who
observed that under reaction conditions the
largest fraction of the metallic surface is oc-
cupied by CO and a smaller fraction by ac-
tive and inactive carbon. Hydrogen cover-
age was observed to be very small.
Erdohelyi and Solymosi (2) report that CO
decomposition activity on Rh is affected by
the nature of the carrier, decreasing in the
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order: TiO, > AlL,O; > SiO, > MgO. An
identical order concerning the rate con-
stants of CO decomposition and hydroge-
nation of CH, species is reported by Mori et
al. (3). The influence of the support on CO
hydrogenation over supported Rh was also
investigated by Katzer et al. (/9) and Soly-
mosi et al. (20). The former authors ob-
served similar activation energy for CH,
formation over Rh/Si0», AlLOs, TiO,, in the
range of 32 kcal/mol, while the latter au-
thors observed the lowest activation energy
over Rh/TiO; (18.3 kcal/mol) and the high-
est over Rh/AlO; (24.0 kcal/mol). In both
cases the order of activity was found to be:
Rh/TiO, > Rh/ALLO; > Rh/SiO,. In terms
of selectivity, there is a general agreement
that Rh/SiO; produces mainly methane,
while Rh/TiO; produces the largest amount
of higher hydrocarbons. The reaction rate
constants have been found to depend in-
versely on metal dispersion (3, 2/). The in-
fluence of temperature of reduction, pri-
marily as related to the SMSI phenomenon
of Rh/TiO,, has been investigated (22-24).

The influence of the carrier on the inter-
action of H, and CO with supported Rh
crystallites, as revealed by TPD and TPR
studies, and on kinetic parameters in CO
hydrogenation under steady-state condi-
tions, is discussed in the present communi-
cation.

EXPERIMENTAL

(a) Catalvst Preparation and
Characterization

The carrters employed in the preparation
of Rh catalysts are SiO; (Alltech Associ-
ates), y-AlLLO; (Akzo Chemicals), and TiO,
(Degussa, P-25), with surface areas of 300,
100, and 50 m?¥g, respectively. Catalysts
were prepared by the method of incipient
wetness impregnation, using RhCl; - 3H,0
as the precursor compound for the metal:
60-120 mg of RhCl; - 3H,0 were dissolved
in 10 ml of distilled water at a temperature
of 25°C, then 5-10 g of the carrier were
added to the solution under continuous stir-
ring at the same temperature. When the wa-
ter evaporated, the solid material was dried
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in an oven at 110°C for 24 h. It was subse-
quently crashed and sieved in the particle
range 0.06-0.25 mm.

The crashed and sieved material was
placed in a stainless steel tube of I cm di-
ameter and it was heated to 200°C at a rate
of 5°C/min under N. flow (50 cm?/min). It
was maintained under these conditions for
1 h to desorb most of the H-O and the flow
was then switched to H, (50 cm/min) to
reduce the precursor compound to Rh%. [t
was maintained under H flow at 200°C for |
h and for 1 more hour at 250°C. The catalyst
was then slowly cooled to room tempera-
ture under N> flow and it was stored in air-
tight vials until further use. The metal con-
tent of the catalysts was invariably 0.5
wt%.

The metal dispersion of the catalysts was
determined by static equilibrium adsorption
of H, at room temperature. A constant vol-
ume high-vacuum apparatus (Micromerit-
ics, Accusorb 2100 E) was used for this pur-
pose. A small quantity of the catalyst (0.5 g)
was placed under dynamic vacuum at 200°C
for 2 h so as to desorb gases adsorbed on
the catalyst surface. The sample was then
exposed to H, (200 Torr) for 1 h at 250°C
and subsequently placed under dynamic
vacuum for approximately 10 h. It was then
cooled to 25°C, at which temperature hy-
drogen adsorption isotherms were ob-
tained. For each measurement, equilibrium
was assumed when the rate of pressure
drop was less than 107 Torr/min. This nor-
mally required i-5 h. The adsorption iso-
therm was obtained in the H. pressure
range 10-300 Torr. The quantity of H, ad-
sorbed at monolayer coverage was esti-
mated by extrapolation of the linear portion
of the isotherms to zero pressure, which is
a standard procedure. The unmetallized
supports were found not to adsorb measur-
able quantities of H. under these condi-
tions.

(b) TPD and TPR Experiments

The TPD apparatus consists of a flow
measuring and switching system, a heated
quartz tube in which the catalyst is placed,

and the analysis system. The flow system is
composed of high precision rotameters and
needle valves, 3-, 4-, and 6-way valves and
switching valves. Gases can be introduced
to the TPD cell in either the continuous
flow mode or the pulse mode. Each pulse is
0.05 cm?® (STP) of gas. The TPD cell is a
quartz tube of 0.6 cm diameter and 15 ¢cm
length. A section at the center of the tube is
expanded to 1.2 cm diameter, in which the
catalyst sample, approximately 0.25 g, is
placed. A %" thermocouple well runs
through the center of the cell, and a thermo-
couple is used to determine the temperature
at the catalyst bed. The TPD cell is placed
in a cylindrical furnace of 2.4 cm diameter
which is controlled by a linear temperature
programmer (Omega, CN 2010). The heat-
ing rate applied in the current study was
23°C/min.

The outlet of the cell is connected to a
quadrupole mass spectrometer (Sensorlab
200D-VG Quadrupoles) via a heated silica
capillary tube of 2 m length with a fast re-
sponse at | atm sampling pressure. The
mass spectrometer is connected to a per-
sonal computer for instrument control, data
acquisition and analysis.

The gases used were supplied by L Air
Liquide and were of 99.995% purity. He
was further purified by passing it through a
heated metallic zirconium trap (Supelco
Inc.), CO and O, through molecular sieve
SA traps. and H; through an Oxysorb and a
molecular sieve 5A trap.

Prior to any experiments it was deter-
mined that the TPD cell or the tubing were
not active in the adsorption of H» and CO
and did not contribute to the mass spec-
trometer signal. Adsorption on unmetal-
lized carriers was also investigated. The
procedure for each experiment was the fol-
lowing: The catalyst. 0.25 g, was placed in
the TPD cell, supported by quartz wool,
and heated to 200°C in H, flow for | h. It
was then cooled in He flow. When the tem-
perature reached 25°C the adsorbing gas,
H, or CO, was introduced either in the form
of continuous flow (30 cm*/min) for 15 min
or in the pulse mode. In the latter case, the



356

volume of the pulse was 0.05 cm? and 5-10
pulses were introduced in each case. The
flow was switched to He and the lines were
cleaned for 3 min. Temperature program-
ming was then initiated and the TPD spec-
tra were obtained. For high-temperature
adsorption of H,, the catalyst was heated
under He flow to the desired temperature,
then the flow was switched to H, for 15 min
and the catalyst was cooled to room tem-
perature under H, flow. At the end of each
experiment the catalyst was exposed to O
at 450°C for 5 min to burn off any carbon
deposited, followed by H, reduction. This
cycle was found to give very reproducible
TPD and TPR results.

The design of TPD experiments and the
selection of experimental parameters was
done in such a way as to minimize mass
transport effects as well as imperfect mix-
ing in the TPD cell. The criteria proposed
by Demmin and Gorte (25) were used for
this purpose. The criteria concerning con-
vective lag and diffusive lag are satisfied
since the parameter values achieved in the
present study are S x 107% and 3 x 1077,
respectively, while the proposed criteria re-
quire values of less than 0.01 in both cases.
Concerning particle concentration gradi-
ents and bed concentration gradients, pa-
rameter values of 0.1 and 0.3 are estimated,
which are comparable to the proposed val-
ues of less than 0.05 and 0.1, respectively.
It has been shown, however, that for parti-
cle concentration gradients a more realistic
parameter value would be less than 1.0
(26), while for bed concentration gradients
it has been demonstrated that for Pe; < 1
deviations from the CSTR behavior are
negligible (27).

Readsorption effects can also influence
TPD spectra. [t has been shown that elimi-
nation of readsorption effects in carrier gas
TPD experiments over powdered catalysts,
in most cases, requires experimental condi-
tions which are not easily achievable (26,
27). In the present study, experimental pa-
rameters (mass of catalyst and carrier gas
flow rate) were selected so as to reduce, to
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the extent possible, readsorption effects,
within the detectability limits of the mass
spectrometer. Readsorption effects are ex-
pected to be similar in the catalysts em-
ployed in the present study since their
structure is not significantly different.

(¢) Steady-state Kinetic Measurements

The apparatus employed for measure-
ments of kinetic parameters in CO hydroge-
nation consists of a flow measuring and
control system, a tubular reactor and an on-
line analytical system. Feed flow rates were
measured and controlled by thermal mass
flow meters (MKS Instruments). The reac-
tor is a l-cm-1.D. stainless steel U-shaped
tube, immersed in a constant temperature
fluidized sand bath (Techne SBL.-2D) for at-
tainment of isothermal conditions. One of
the legs of the reactor was filled with
a-AlLO; pellets and was used to preheat the
feed mixture. The catalyst bed was placed
in the other leg of the reactor, through
which a & thermocouple well run along its
length. The catalyst was in the form of par-
ticles of diameter between 0.125 and 0.250
mm. This size of catalyst particles was
found experimentally not to offer any mea-
surable intraparticle resistance in the trans-
port of mass and heat. Temperature along
the length of the catalyst bed was found to
be constant within =1°C.

Analysis of the feed and of the reaction
mixtures was achieved by a gas chromato-
graph connected on-line to the reactor ap-
paratus via a gas sampling valve. Two chro-
matographic columns were used for the
separation of gas mixtures. A Carbosieve
S-I1 100/120 column was used to separate
H,, N>, CO, CHy, and CO», and it was con-
nected to the TC detector. A Porapak QS
80/100 column was used to separate the hy-
drocarbons and it was connected to the FI
detector.

In all cases the reactor was operated in
the differential mode, with CO conversions
less than 5%. The CO/H, reaction was in-
vestigated in the temperature range of 170
to 250°C. The feed consisted of 24% H., 8%
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CO, and 68% N> (H./CO==3) on a molar
basis. Rate measurements were obtained
after the system had reached steady state,
which normally required 1 to 2 h. After
each measurement under a particular set of
conditions the catalyst was exposed to H-
flow for 30 min at 250°C.

RESULTS AND DISCUSSION

The supported Rh catalyst employed in
the present investigation were character-
ized in terms of their degree of dispersion
by selective equilibrium H. adsorption at
room temperature. The volume of H, ad-
sorbed at monolayer coverage was used to
estimate the H/Rh ratio (atoms of hydrogen
adsorbed per Rh atom in the catalyst) as-
suming dissociative adsorption and 1-to-I
stoichiometry. The H/Rh ratios thus esti-
mated were found to be 1.29 for Rh/SiO,,
1.0 for Rh/ALLOs, and 0.70 for Rh/TiO,, in-
dicating that all catalysts had a very high
metal dispersion. The surface-mean diame-
ter of the supported Rh crystallites, assum-
ing that they are semispherical, is estimated
to be between 10 and 15 A.

(a) The Interaction of H> with Rh/ALOs,
Si0-, and TiO-

TPD spectra of H, adsorbed on 0.5% Rh/
Si0,, Al,O;, and TiO; catalysts at tempera-
tures of 25, 120, and 190°C were obtained
following the procedures described earlier.
Identical experiments were also carried out
with unmetallized carriers from which no
H, desorption was observed under any con-
ditions. TPD spectra obtained with the
0.5% Rh/Si0; catalyst after H, adsorption
at three temperatures are shown in Fig. TA.
The spectra consist of a major peak at 75°C
which is shifted to approximately 103°C
when adsorption takes place at 190°C. Two
minor shoulder peaks may be distinguished
to the right of the major peak, at approxi-
mately 110 and 200-250°C. Bertucco and
Bennett (8) observed a single desorption
peak at 175°C from a 10% Rh/SiO; catalyst,
under a heating rate of 0.6°C/s, which is
considerably higher than that employed in

PH2
7
e

PHo
g
&
o (o )

PH2
-
o
=}
]
0 o o

2
T (0O

FiG. 1. TPD of H, from 0.59% Rh/SiO, (A), 0.5% Rh/
ALO; (B), and 0.5% Rh/TiO, (C), following H; adsorp-
tion at 190°C (a), 120°C (b), and 25°C (c).

the present study (0.38°C/s). It is well
known that desorption peak temperature is
shifted to higher values with increasing
heating rate (28, 29). Thus, the results of
this study are in qualitative agreement with
those of Bertucco and Bennett (8), espe-
cially if the fact that the dispersion of the
two catalysts was widely different (0.35
versus 1) is taken into account.
Corresponding spectra obtained over the
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0.5% Rh/Al,O; catalyst are shown in Fig.
1B, in which two desorption peaks are evi-
dent. One has a peak maximum at 90°C and
is not significantly shifted with adsorption
temperature. The second peak increases in
intensity with increasing temperature of ad-
sorption, while its maximum is shifted from
approximately 160 to 195°C. Efstathiou and
Bennett (7) report a single peak at 165-
235°C depending on surface coverages.
Their catalyst, however, had significantly
lower Rh dispersion than that of the cata-
lyst employed in the present study (0.12
versus 1.0).

TPD spectra of H, desorbing from the
Rh/TiO- catalyst are shown in Fig. 1C. The
low-temperature adsorption spectrum con-
sists of a single peak at 70-80°C. However,
at the higher adsorption temperatures a sec-
ond peak appears at approximately 160°C.
A very small peak is also observed in the
neighborhood of 250-300°C. The quantity
of H> desorbed increases significantly with
increasing temperature of adsorption, indi-
cating that H, adsorption on Rh/TiO» is an
activated process. The peaks at 80 and
160°C are in relatively good agreement with
those observed by Apple er al. (9) at 80 and
240°C, after H- adsorption at 300°C for 4 h.
Under these conditions they also cbserved
a third peak at 540°C which they attributed
to H- spillover. Stockwell ¢t al. (10) report
a single peak at 107°C which could corre-
spond to the 80°C peak observed in the
present study.

A common feature of Rh dispersed on
Al,0O; and TiOs carriers is the appearance of
two peaks of desorbed H;, which could be
viewed to correspond to two modes of ad-
sorbed hydrogen with different adsorption
bonds. The TPD spectrum over Rh(111)
crystals exhibits a single peak only, which
may correspond to the low-temperature
peak (70-100°C) observed in the Rh/SiO,,
AlO;, and TiO, catalysts. The high-tem-
perature peak (160-190°C) which corre-
sponds to strongly adsorbed H, and possi-
bly to activated adsorption could be due to
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the creation of new adsorption sites on the
surface of the small Rh crystallites, which
is expected to have more defects than the
Rh(111) surface. It is also conceivable that
the new adsorption sites are created at the
metal-support interface. The concentration
of these sites would be expected to increase
with increased dispersion of the metal. This
could be the reason why the second desorp-
tion peak has not been observed over cata-
lysts with low Rh dispersion.

Peak temperatures of desorption are
shown in Table 1 for the three catalysts in-
vestigated and the three H» adsorption tem-
peratures. When the adsorption takes place
at 25°C, the peak temperature does not
seem to be influenced by the carrier. How-
ever, a tendency to shift peak temperatures
toward higher values is observed at higher
adsorption temperatures. This shift cannot
be explained assuming that the surface cov-
erage increases at higher adsorption tem-
peratures, since the exact opposite behav-
ior is expected in that case, i.e., shift of the
peaks toward lower temperatures, as ex-
pected for second-order desorption with or
without readsorption phenomena (27).
Thus, this shift toward higher temperatures
of desorption must be attributed to stronger
Rh-H adsorption bonds when H, interacts
with Rh surfaces at elevated temperature.
It is also apparent that the second H, de-
sorption peak appears only when adsorp-
tion has taken place at high temperatures.
This peak corresponds to strongly adsorbed

TABLE 1

Peak Temperatures of Hydrogen Desorption
from Supported Rh Catalysts

Tw (°C)

Catalyst
Rh/ S -
W =25°C =120°C =190°C
Si0; 75 75 103
AlLO, 80 87, 159 100, 192
80, 155 81, 160

TiO» 71

Note. T, is adsorption temperature; Ty is peak tem-
perature.
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TABLE 2

Quantity of H, Desorbed from Rh/Si0,, AlQ;,
and TiO, Catalysts after Adsorption at Different
Temperatures

Catalyst Volume of H: desorbed

Volume of
Rh/ (cm/g) H; adsorbed
----- e at equilibrium
T, =25°C  =120°C =19%0°C (25°C) (cm’/g)
SiO, 0.44 0.46 0.54 0.70
ALO, 0.42 0.51 0.55 0.54
2 0.15 .28 .36 0.28

hydrogen whose adsorption process is an
activated one.

The quantity of H, desorbing from the
0.5% Rh catalysts is shown in Table 2,
along with the quantity of H, found to ad-
sorb on the same catalysts in static equilib-
rium chemisorption experiments at 25°C. In
the Rh/AIO: and Rh/SiO, catalysts the
guantity of H» desorbing is weakly affected
by the temperature of adsorption, indicat-
ing that the process over these catalysts is
only slightly activated, in agreement with
results of other investigators (7, &8). In the
Rh/TiO, catalyst, however, the quantity of
desorbing Hs increases significantly with in-
creasing adsorption temperature, which
might indicate that over this catalyst the H,
adsorption process is an activated one. Ac-
tivated H, chemisorption on supported
metal catalysts has also been reported by
other investigators (30). In addition to crea-
tion of new, high-energy adsorption sites on
the small Rh crystallites, the phenomenon
has also been attributed to the presence of
surface contaminants or to decoration of
the metal with oxide species originating
from the support. In the present investiga-
tion the decoration effect can be rejected
since the temperature of H, adsorption was
always less than 200°C. To test whether
surface contamination, primarily Cl1 from
the metal precursor compound, contributes
to H, adsorption at high temperature, the
Rh/AlLO; catalyst was reduced at 450°C, in-
stead of the usual 200/250°C temperature,
and H, TPD experiments were conducted

following H, adsorption at 25, 120, and
190°C. The TPD spectra which were ob-
tained with this catalyst were identical to
the spectra obtained with the same catalyst
reduced at the lower temperature. This
result indicates that surface contamination
is not a probable cause of the enhancement
of H; adsorption of the Rh/TiO; catalyst at
elevated temperatures. Thus, the most
plausible causes are those stated earlier,
defect sites on surfaces of small Rh crystal-
lites or creation of new adsorption sites at
the metal-support interface. The quantity
of H; observed to desorb after adsorption at
25°C is smaller than the quantity of H, ad-
sorbed at equilibrium at the same tem-
perature. This could be due to either of two
reasons: The static chemisorption measure-
ments are equilibrium ones and have been
obtained after adsorption times which ex-
ceed 10 h. On the other hand, the adsorp-
tion prior to TPD takes place under H, flow
for only 0.5 h, time which might not be suffi-
cient to reach equilibrium. A second reason
might be that a portion of adsorbed H- de-
sorbs prior to initiation of the TPD experi-
ment, while the sample is flushed with He
for 3 to 5 min to remove gas phase H, and to
clean the lines.

This reasoning, combined with the obser-
vation that H> seems to be adsorbed
stronger at higher adsorption temperatures
might explain the observed increase of the
amount of H, adsorbed over the Rh/TiO;
catalyst with increasing temperature. Thus,
a smaller fraction of the H, adsorbed at
higher temperatures desorbs prior to initia-
tion of the TPD experiment. A study of H,
adsorption on Rh(111) has shown that ad-
sorption and desorption proceed via an in-
termediate step during which a precursor
state of adsorbed hydrogen is formed (6). If
the same applies in the case of the sup-
ported Rh crystallites, then it can be as-
sumed that the two forms of adsorbed hy-
drogen originate in this precursor state and
the transfer from the precursor state to the
strongly adsorbed state is an activated pro-
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cess. For this reason, the strongly adsorbed
state appears only at high temperatures.

(b) The Interaction of CO with Rh/SiO-,
A[:O;, and TlOg

TPD spectra of CO over the Rh/SiO,,
AlLO;, and TiO: catalysts were obtained af-
ter CO adsorption at room temperature.
The molecules detected to desorb were CO,
CO-, H, and CH,. The adsorption of CO
was also investigated on the unmetalized
carriers. Over SiO,, only traces of CO,
were observed at temperatures higher than
450°C, after CO adsorption at 25°C for 15
min. The spectrum obtained over AlLO;
consisted of CO- only. in the temperature
range 200-300°C. The quantity of CO, de-
sorbed was found to be approximately 0.05
cm’/g. CO, was also the only species ob-
served to desorb after IS min exposure of
TiO, to CO at 25°C. CO, was observed to
desorb in the temperature range of 50 to
200°C with a peak at 80°C, and its quantity
was approximately 0.03 cm'/g. These quan-
tities of CO» correspond to 4-5% of quanti-
ties detected trom the corresponding Rh-
supported catalysts. The CO, in the TPD
spectra of the Al>-O, and TiO- carriers prob-
ably originates from either the oxidation of
CO by some oxidizing centers on the car-
rier surfaces or from formate/bicarbonate
decomposition. The latter groups have
been observed spectroscopically on AlLG;
and Ti0-, but not on Si0- (3/). The interac-
tion of CO with the surface could proceed
via oxygen anions, according to the reac-
tion

CO+05—’CO:+V()Z + 2e . (l)

where V: corresponds to an anionic va-
cancy and e~ to a quasi-free electron. For-
mate decomposition is not a probable
source, since no H> was detected. Based on
the quantity of CO, which was observed,
the quantity of H> expected from formate
decomposition would be within the detect-
ability limits of the mass spectrometer.
Thus, the most probable sources of CO- are
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Fii. 2. TPD of CO from 0.5% Rh/SiO: catalyst fol-
lowing adsorption in the pulse (a) or continuous flow
(b) modes at 25°C.

bicarbonate decomposition and/or oxida-
tion of adsorbed CO.

TPD spectra of CO adsorbed on 0.5%
Rh/SiO,, either in the pulse mode or in the
continuous flow mode for 15 min, are
shown in Fig. 2. CO desorbs in the temper-
ature range 40-350°C with two distinct
peaks at 90-105°C and 260-270°C. CO, ap-
pears at temperatures higher than 300°C in
the form of a broad peak. The appearance
of CO, is accompanied by H- desorption.
The H, peak is identical in shape and posi-
tion to that of CO», which implies that both
species have a common origin, which could
be the reaction

CO(a) + H,O — CO, + Hs. (2)

The effects of gaseous H.O on CO TPD
from Ru/Al,O; catalysts have been demon-
strated by Fujimoto ef al. (32). In the
present study, however, as indicated in the
Experimental section, particular attention
was paid to purify the gases used in these
experiments so as to eliminate side reac-
tions such as Eq. (2). Furthermore, the stoi-
chiometry of Eq. (2) implies equal quanti-
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ties of CO- and Hs produced, which is not
the case in the spectra of Fig. 2. The most
probable origin of CO- and H; is the interac-
tion of adsorbed CO on the Rh surface with
surface hydroxyl groups of the carrier, ac-
cording to

C(a) + OH,— (COOH),, — CO: + iH,.
(3)

Indeed, the quantity of H, observed in the
TPD spectrum is approximately half that of
CO-.

As shown in Fig. 2, the quantity of CO»
produced after pulse CO adsorption or ad-
sorption under continuous CO flow for 15
min, is practically the same. This implies
that CO- originates from strongly adsorbed
CO on the Rh surface. The CO spectra, cor-
responding to the two different modes of
adsorption (pulse and continuous flow). dif-
fer in the intensity of the first peak. whose
maximum is at 105°C after pulse adsorption
and 91°C after continuous flow adsorption.
The shift 1s probably due to higher surface
coverages achieved in the continuous flow
mode of adsorption. A comparison of the
two spectra indicates that the adsorption of
CO is rapid and a few (2-3) pulses are suffi-
cient to cover most of the Rh surface. Ini-
tially, the sites which correspond to
strongly adsorbed CO are occupied while,
at longer adsorption times the quantity of
weakly adsorbed CO increases.

TPD spectra observed over the Rh/Al-O4
catalyst after CO adsorption in the pulse or
the continuous flow mode are shown in Fig.
3. The CO spectrum consists of two main
peaks at approximately 100 and 220-240°C.
The CO, spectrum consists of a major peak
at 330-350°C and of a smaller peak at
180°C. The high-temperature CO- peak is
accompanied by an H. peak of the same
shape and at the same position. Small quan-
tities of CH, were also observed in the same
temperature range, originating from the hy-
drogenation of CO. For the latter, the
source of H, is likely that obtained from
reaction (3). The CO- peak at 180°C which
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Fig. 3. TPD of CO from 0.5% Rh/ALO: catalyst
following adsorption in the pulse (a) or continuous
flow {b) modes at 25°C.

is not accompanied by H. desorption is at-
tributed in its largest part to the decomposi-
tion of CO on the Rh surface (Boudouard
reaction) (/6, 18). The quantity of weakly
adsorbed CO which desorbs at low temper-
atures is enhanced in the continuous flow
adsorption mode. The TPD spectra which
were obtained over the Rh/ALLO; catalyst
are in good agrecement with results obtained
by other investigators (2, 16, 17).

In a different experiment, the Rh/Al,O,
catalyst was heated to 450°C under He flow
and then cooled to room temperature under
He flow prior to CO adsorption. The TPD
spectra obtained are shown in Fig. 4, and
they differ substantially from the spectra of
Fig. 3. Heating of the catalyst under He
results in partial dehydroxylation of the
carrier surface. This gives rise to the ap-
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Fig. 4. TPD of CO from 0.5% Rh/ALO; catalyst.
heated to 450°C under He flow, prior to CO adsorption
at 25°C.

pearance of CO in the temperature range in
which CO, appeared previously. Thus, CO;
does indeed originate from strongly ad-
sorbed CO which, as it desorbs interacts
with surface hydroxyl groups of the carrier
to produce CO, and H,. The degree of this
interaction and the quantity of CO;, pro-
duced depends on the degree of hydroxyl-
ation of the surface. Thus the role of the
metal in this process is to retain CO on the
catalyst surface up to fairly high tempera-
tures, where it 1s more likely to react with
hydroxyl groups. Similar quantities of sur-
face carbonates could probably be gener-
ated on metal-free carriers by CO exposure
at the elevated temperatures encountered
during TPD. An additional role of the metal
could be the creation of surface hydroxyls
from spillover hydrogen during the reduc-
tion step.

The TPD spectra obtained over the Rh/
TiO, catalyst, after CO adsorption either in
the pulse mode or in the continuous flow
mode are shown in Fig. 5. The CO spec-
trum consists of a major peak at 145°C and
two smaller peaks at 62 and 225-245°C. The
CO; spectrum consists of three peaks at ap-
proximately 75, 150, and 270°C. The first
CO peak originates from the carrier, since it
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was also observed in a similar experiment
with unmetalized TiO,. The peak at 270°C
is accompanied by H, and CH, desorption
indicating that this CO, originates in the in-
teraction between CO and surface hydroxyl
groups, as in the cases of Rh/SiO; and Rh/
ALLO;. The 150°C peak is not accompanied
by H: desorption, and it is at the same posi-
tion with the main CO peak. This CO> must
originate from the surface decomposition of
CO according to

COyy + CO(, — Cpyy + COs. 4

Two types of experiments were con-
ducted in order to test the validity of reac-
tion (4). In the first experiment, upon com-
pletion of the TPD run the catalyst was
maintained at 400°C and the feed was
switched from He (carrier gas) to 109 O, in
He in order to titrate the carbon left on the
surface during the TPD experiment. A
sharp CO, peak was obtained and the quan-
tity of CO, produced was found to be only
15% larger than the quantity of CO, which
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a
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—r il (|
100 200 300
T¢C)

.
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Fi1G. 5. TPD of CO from 0.5% Rh/TiO, catalyst. fol-

lowing adsorption in the pulse (a) or continuous flow
(b) modes at 25°C.
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corresponds to the peak at 150°C. This
material balance satisfies the stoichiometry
of reaction (4), strongly suggesting that the
CO, peak at 150°C arises from the
Boudouard reaction. The excess 15% CO»
could originate from carbon associated with
the higher temperature CO- peak. A second
experiment was conducted in order to test
whether removal of oxygen from the TiO;
surface participates in CO, production,
since it has been suggested by Paul er al.
(33) that adsorbed CO reduces a portion of
Ti** cations to Ti*? and desorbs as CO,. In
this experiment the Rh/TiO, catalyst was
exposed to '*0, at 600°C for 5 min, causing
an appreciable isotope exchange in TiO».
CO was subsequently adsorbed on this
sample at 25°C and the TPD experiment
was conducted in the usual manner. No
CO> containing labeled oxygen was de-
tected to desorb, indicating that surface lat-
tice oxygen of TiO, does not participate in
CO, production. The discrepancy between
this result and that of Paul ¢t al. (33) might
be due to the fact that in the present study
the catalysts are reduced under H. flow at
200°C prior to CO adsorption and initiation
of TPD. This treatment might be expected
to already reduce the portion of the TiO;
surface around the Rh particles, thus pro-
hibiting further reduction by CO.

It must also be noted that, as shown in
Fig. 5, only a small fraction of the metallic

surface is covered upon pulse adsorption,
corresponding to the strongly adsorbed
state, while the main CO peak at 145°C ap-
pears only after adsorption in the continu-
ous flow mode. In contrast, in the Rh/SiO-
and Rh/ALO; catalysts, pulse adsorption
was sufficient to cover the largest fraction
of the metallic surface.

The appearance of CO-. and H, in the
spectra has been attributed to the interac-
tion of adsorbed CO with hydroxyl groups
of the surface of the carrier. It is not clear
whether this interaction takes place during
CO adsorption or during CO desorption. as
CO diffuses through the porous structure of
the catalysts. The fact, however, that the
quantity of CO, produced is not signifi-
cantly affected by time of adsorption of CO
(see Table 3) and the fact that very small
quantities of CO-> were detected to desorb
from the unmetalized carriers lead to the
conclusion that CO, originates from CO
strongly adsorbed to the metallic surface.
Thus, the interaction of CO with the sur-
face hydroxyl groups occurs upon desorp-
tion of CO, as it diffuses through the parti-
cles. On the basis of this reasoning, it can
be concluded that the position of the CO»
peak reflects the strength of the adsorption
of CO from which CO, originates.

A comparison of the TPD spectra ob-
tained after CO adsorption on Rh/SiO-,
AlO;, and TiO- (Figs. 3-5) reveals signifi-

TABLE 3

Peak Temperatures of TPD Spectra of CO from Rh/SiO., ALLO;. TiO,. and Quantities of Species Desorbed

Adsorption

Catalyst
Rh/ mode e .
CcO
SiO, Pulse 104, 263
Continuous 91. 270
AlLO; Pulse 245
Continuous 100, 210
TiO, Puise 230
Continuous 62, 145, 245

« Corresponds to desorption from the carrier.

Ty °O) Quantities detected

— (cm‘/g)

CO. R _

CO CO» H,

350 0.33 0.26 0.15

340 0.45 0.26 0.14

355 0.52 0.50 0.30

1804, 340 0.56 0.60 0.30

1204, 267 0.07 0.40 0.12

0.15

80¢. 150, 275

0.18 0.56
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cant differences, depending on the carrier
employed to disperse the Rh crystallites.
The desorption from the Rh/TiO, catalyst is
completed at lower temperatures, as com-
pared to that of Rh/SiO, and Rh/ALO;. No
CO decomposition was observed in the Rh/
Si0, catalyst, in contrast to Rh/AlLO; and
Rh/TiO,. CO decomposition is manifested
in the CO, desorption peaks at 180 and
150°C, for Rh/A),O; and Rh/TiO,, respec-
tively. The activity of these catalysts to-
wards CO decomposition seems to de-
crease in the order: Rh/TiO; > Rh/AlLO, >
Rh/Si0Q,. It must also be emphasized that
CO decomposition is not directly related to
the strength of the CO adsorption bond.
This is apparent in Fig. 2, which shows that
strongly adsorbed CO on Rh/SiO, desorbs
at approximately 270°C without decomposi-
tion (no CO, production) while weakly ad-
sorbed CO on Rh/TiO, desorbs at 145°C
(Fig. 5) decomposes to an appreciable ex-
tent. These results indicate that the nature
of the carrier influences the state of CO ad-
sorbed on Rh crystallites.

It has been observed (//-/4) that CO
does not decompose over Rh(111) or un-
supported polycrystalline Rh surfaces. The
same was observed in the present study for
Rh/Si0O,. Si0; is generally considered to be
one of the most inert carriers. However,
when Rh is dispersed over TiO its proper-
ties toward CO decomposition are altered.
This phenomenon could be explained as-
suming that TiO, influences the morphol-
ogy of the Rh crystallites. This explanation,
however, is not very plausible since it has
been shown that the crystallographic orien-
tation of Rh surfaces does not influence the
mode of CO adsorption (/5). Another ex-
planation could be that an electronic inter-
action develops at the Rh-TiO; interface,
which influences the electronic structure of
Rh and consequently the mode of CO ad-
sorption. The effects of variation of elec-
tronic properties of TiO; carriers on CO
dissociation and hydrogenation have been
examined by Solymosi et al. (34), who
demonstrated that variation of the electron
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density of TiO, influences the rate of these
processes. This hypothesis, however, can-
not explain why the decomposition of CO is
not dependent on the strength of its adsorp-
tion on the metallic surface. The most plau-
sible explanation is that new adsorption
sites are created at the metal-support inter-
face and the carrier participates or assists
the process of CO decomposition or the re-
action between produced carbon and sur-
face oxygen species towards CO,. This hy-
pothesis can explain the observation that
the decomposition of CO is not directly re-
lated to the strength of its adsorption, since
the mechanism of the decomposition is
viewed to be altered by participation of the
TiO; carrier. Generally, the ease of dissoci-
ation is not related with the heat of adsorp-
tion of CO (35, 36) or to the coordination of
CO to the surface. Two factors must be
taken into consideration in order to exam-
ine the dissociation probability: (a) The in-
tensity of backbonding from the metal to
the CO molecule, and (b) the bond strength
of the atomic components of the Rh sur-
face. It should be also noted that there is a
rather poor correlation between the extent
of backbonding and the adsorption strength
of CO (36), because the 5o-metal bond as
well as the metal work function play an im-
portant role. Thus, based on the above, the
observation that the CO dissociation on Rh/
TiO; corresponds to a weak form of ad-
sorbed CO, is not at all strange. The con-
cept of creation of new sites at the Rh—TiO»
interface relates to factor (b) above if it is
assumed that CO can be tilted with the O
atom toward TiO,, providing another easier
pathway towards dissociation.

Peak temperatures of the TPD spectra of
CO from Rh/SiO,, AlLO;, TiO; are summa-
rized in Table 3, along with the quantities of
the species desorbed. Three major states of
desorbing CO were detected, of which one
desorbs as CO, accompanied by H, evolu-
tion. In the Rh/SiO, and Rh/ALO; cata-
lysts, the weakly adsorbed CO exhibits
peak temperatures in the range 90-100°C,
while the strongly adsorbed CO appears at
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263-270°C in Rh/SiO> and at 210-245°C in
Rh/ALO;. A weakening in the strength of
adsorption of this adsorbed state over Rh/
AlLOs is therefore indicated. In both cases
CO, appears in the range 340-355°C. A sig-
nificant shift in the CO, peak toward lower
temperatures (267-275°C) is observed over
Rh/TiO>. The CO spectrum over Rh/TiO,
is significantly different than that over the
other catalysts, and the peaks cannot be
correlated with certainty.

The quantities of CO, CO, and H, de-
tected to desorb are also reported in Table
3. CH, is not included since it accounts for
less than 1% of CO desorbed. It is apparent
that a major fraction of adsorbed CO de-
sorbs as COs. In the Rh/Al,O; and Rh/TiO;
catalysts, CO, originates from (a) desorp-
tion from the carrier, approximately 8% in
the case of Rh/Al.O; and 5% in the case of
Rh/TiOs,, (b) from CO decomposition, and
(c) from reaction between CO and surface
hydroxyl groups. In the case of Rh/SiO,,
CO» originates exclusively from reaction of
CO with surface hydroxyls.

The quantity of CO desorbed can be uti-
lized to estimate the CO/Rh ratio in the cat-
alysts. Using the CO adsorbed after contin-
uous flow adsorption, the CO/Rh ratio for
the Rh/SiO; catalyst in approximately 0.7,
for Rh/ALLO; approximately 1.1, and for
Rh/TiO,, 0.6. The dispersion of the cata-
lysts, as obtained by static equilibrium ad-
sorption of H, is 1 for Rh/SiO, and Rh/
Al>Os, and 0.7 for Rh/TiO,.

(¢) Temperature-Programmed Reaction of
Adsorbed CO with H,

The reactivity of CO adsorbed on Rh
crystallites dispersed on SiO,, ALO;, or
TiO; carriers was investigated by TPR of
adsorbed CO with H;. In these experi-
ments, CO was adsorbed at room tempera-
ture under continuous flow for 15 min. The
flow was subsequently switched to He for 3
min to purge the gas phase of the reactor
from CO and to clean the lines. The flow
was then switched to H, and temperature
programming was initiated at a rate of 23°C/

min. The main products of reaction of H-
with adsorbed CO are CH, and H,O. In ad-
dition to these products, in the case of Rh/
Si0; catalyst, CO was also observed to
desorb unreacted with a peak at approxi-
mately 90°C which corresponds to the peak
at 91-105°C of the TPD spectrum of the
same catalyst. In the TPR spectra of the
other two catalysts, no CO was observed to
desorb in measurable quantities.

The CH4 TPR spectra of the three cata-
lysts investigated are shown in Fig. 6. Over
the Rh/SiO, catalyst, CH4 appears at ap-
proximately 80°C, while the peak tempera-
ture is at 230°C and CH, production is com-
pleted at 270°C. Over the Rh/ALO,
catalyst, CH, production is initiated at ap-
proximately 100°C, while the peak maxi-
mum is at 200°C and the reaction is com-
pleted at approximately 260°C. Over the
Rh/TiO, catalyst, CH, appears at approxi-
mately 65°C, while peak maximum is at
120°C and the reaction is completed at
180°C. It is apparent that the shape and the
position of the CH,4 peak in the temperature
scale are a strong function of the carrier

PCHg

1 Il
250 350

1

50 150
T(C)
F1G. 6. TPR of adsorbed CO under H, flow over
0.5% Rh/SiO; (a). 0.5% Rh/ALO; (b), and 0.5% Rh/

TiO, (c) catalysts. CO was adsorbed at 25°C with the
continuous flow mode.
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employed to disperse the Rh crystallites.
The activity for hydrogenation of the ad-
sorbed CO follows the order: Rh/TiO, >
Rh/Al,O; > Rh/SiO,. These results are in
good agreement with the results of Fuji-
moto et al. (32), who observed a single
methane peak over Rh/SiO, at 222°C, and
at 147°C over Rh/Al,O;. Their heating rate,
however, was significantly lower than that
of the present study (7 vs 23°C/min). It has
been established that high heating rates
shift the peak temperatures towards higher
values (28, 29). Efstathiou (/6) also ob-
served a single peak over Rh/ALO; at
220°C, with a heating rate of 30°C/min.

Recently, Falconer and co-workers con-
ducted extensive TPR studies of CO ad-
sorbed on Pd (37), Pt (38) and Ni (39-4/)
dispersed on various carriers. They demon-
strated the existence of two distinct CH,
formation pathways, one involving the di-
rect hydrogenation of CO adsorbed on the
metal and one involving conversion of
metal-adsorbed CO to support-bound
methoxy which is subsequently hydrogen-
ated to CH,. The second path was found to
depend on the support and to be important
for Al,O; and TiO, supported catalysts but
not for SiO, supported catalysts. In Ni/
ALO; and Ni/TiOQ, catalysts, for example,
two CH, peaks were observed; the low-
temperature one was attributed to hydroge-
nation of CO bound to Ni and the high-
temperature one to hydrogenation of the
CH;0-species.

The single TPR peak observed in the
present study, in most probability, is due to
direct hydrogenation of metal-bound CO
for the following reasons: (a) the conditions
of the present TPR experiments were the
least favorable for CH,O formation, since
CO adsorption was conducted at low tem-
perature and the reactor was cleaned with
He flow prior to initiation of temperature
programming under H, flow. Falconer and
co-workers (39-41) observed an extremely
weak CH;0 — CHy peak when CO adsorp-
tion was conducted at room temperature on
Ni/TiO,. (b) It was demonstrated that
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CH;O formation does not take place on
SiOs-supported catalysts. Therefore, the
peak observed in the present study over the
Rh/SiO; catalyst must arise from hydroge-
nation of CO bound to Rh. (¢) the CH, peak
over Rh/TiO; was observed at 120°C, while
Falconer and co-workers observed
CH;0 — CH, peaks over Ni/TiO- at 251°C,
and over Pt/TiO, at approximately 230°C,
with a heating rate of 60°C/min, which
shifted to 190°C under a heating rate of 6°C/
min. Over Rh/AlL>Os, in the present study,
the CH, peak was observed at 200°C while
Falconer and co-workers observed the
CH;0 — CH, peaks at 272°C over Pd/Al,O;
and at 267°C over Ni/ALLO;. Thus, the peak
temperatures observed in the present study
are significantly lower than those assigned
to the CH;0 — CH; process, even taking
into account the different heating rates em-
ployed. It should be noted that the ener-
getics of this CH; formation process were
found to be sensitive to the carrier em-
ployed and not to the particular metal.

(d) Steady-State CO Hydrogenation

The influence of the carrier on kinetic pa-
rameters in CO hydrogenation was also in-
vestigated employing the Rh/SiO,, Al,O;,
and TiO; catalysts. Kinetic results in terms
of turnover frequencies of CO consump-
tion, methanation and water—gas shift reac-
tions are summarized in Table 4, along with
the activation energies of the two reaction
routes. The kinetic experiments were con-
ducted at 210°C with a feed H./CO ratio of
3. Activation energies were determined in
the temperature range of 170-250°C. The
Rh/TiO; catalyst is 15-20 times more active
than the Rh/SiO, and Rh/AL,Oy catalysts,
which exhibit comparable activity at 210°C.
The apparent activation energies are in the
range 25-30 kcal/mol. The highest activa-
tion energy is exhibited by the Rh/Si10; cat-
alyst, for both reaction paths. The apparent
activation energies observed over Rh/TiO,
are approximately 5 kcal/mol lower than
those observed over Rh/SiO;. The product
distribution obtained over the various cata-
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TABLE 4

Steady-State Kinetic Results of CO Hydrogenation
over Rh/Si0,, AlLO,. and TiO, Catalysts (T = 210°C,
H,/CO = 3)

Neo,

Catalyst New, Neo Ecu, Eco

Rh/ (s ' x 109 ——

tkcal/mol)

Si0, 0.06 0 0.07 30.5 29.7

AlLO; 0.07 0.02 0.15 27.0 24.6
26.0

TiO, 1.2 0.2 2.5

25.0

lysts under the same reaction conditions is
shown in Table 5. The Rh/SiO, catalyst ex-
hibits the lowest selectivity towards higher
hydrocarbons while the Rh/TiO; the high-
est. Furthermore, essentially no CO,; was
observed over the Rh/SiO, catalyst, in con-
trast to the other catalysts, as indicated in
Table 4. The steady-state activity and se-
lectivity results are in good agreement with
results reported by other investigators (/8-
20, 42-44).

The TPD and TPR results discussed in
previous sections can assist in understand-
ing the steady-state behavior of the cata-
lysts under CO hydrogenation conditions.
The H> TPR of adsorbed CO reveal that the
activity of adsorbed CO toward hydrogena-
tion to CH; is in good agreement to the
activity observed under steady-state condi-
tions. Correlating the activity of adsorbed
CO to its adsorption characteristics, as re-
vealed from TPD experiments, it can be
seen that activity increases with the ease of
dissociation of the adsorbed CO.

TABLE 5

Product Distribution Observed over the Rh/SiO.,
AlO5, and TiO, Catalysts under CO Hydrogenation
at 210°C

Cuatalyst Selectivity (mol%)
Rh:/ e -
CH, C,H; C-H, CiH, CiHy C, C: Co Co
Si0» 95.2 <0.l 27 03 1o 05 02 — —
ALO, 792 09 S7 59 20 32 1.5 08 —
Ti0), 80.5 08 08 56 0.3 6.1 24 16 1.1

The following mechanistic picture can be
visualized, based on these observations: A
basic reaction step is the dissociation of ad-
sorbed CO toward atomic C. Rh/SiO,, on
which CO dissociation is negligible, is the
least active catalyst, exhibiting the highest
activation energy which reflects the high
activation barrier for dissociation and the
large heat of adsorption of CO. Selectivity
toward CHy, exhibited by this catalyst, is
high because of low surface coverage of ac-
tive C. Rh/AlLO; and especially Rh/TiO,
exhibit higher activity due to enhanced CO
dissociation. Activation energies are also
lower over these catalysts, corresponding
to lower activation barriers for CO dissoci-
ation.

The nature of the Rh—support interaction
which influences the adsorptive and cata-
lytic behavior of Rh is not well understood.
Phenomena related to SMSI, such as deco-
ration of Rh particles with reduced TiO,
species cannot have taken place in the
present study since the catalyst was never
exposed to a temperature higher than
250°C. While the TiO, surface can be re-
duced from spillover atomic hydrogen ad-
sorbed on Rh, the migration of TiO, species
is an activated process and is probably neg-
ligible at these low temperatures. Further-
more, the Rh/TiO, catalyst did not exhibit
any anomalously low H, or CO chemisorp-
tion capacity, a feature commonly found in
SMSI catalysts. The possibility of long-
range electronic interactions, affecting the
electronic structure of the Rh surface (34)
must also be considered. TiO; is an n-type
semiconductor and its n-conductivity in-
creases in reducing conditions. The work
function of reduced TiO; can be lower than
that of Rh, leading to charge transfer from
the semiconductor to the metal. However,
undoped TiO- has a small free electron con-
centration and the quantity of charge trans-
ferred cannot be significant enough to alter
the electronic properties of the Rh crystal-
lites. On the other hand, the possibility of
localized effects at the periphery of the Rh
crystallites appears rather strong. Among
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the carriers employed in the present inves-
tigation, TiO, in the only reducible oxide.
Thus, the creation of new active sites at the
metal-support interface or a direct interac-
tion between Rh atoms at the periphery
with reduced TiOs species are highly proba-
ble. This could be related to the formation
of methoxy species at the periphery of the
Rh particles, which then decompose to
CH,. as illustrated by Falconer and co-
workers (37-41). Although this route was
not detected on the present catalysts under
TPR conditions, it could play an important
role under steady-state hydrogenation con-
ditions since both CO and H- are present on
the catalyst surface, at elevated tempera-
tures.

SUMMARY AND CONCLUSIONS

The interaction of H. and CO with Rh
crystallites dispersed on SiO;, AlLO;, and
TiO> carriers was investigated with TPD
and TPR techniques. H, TPD spectra con-
sist, in general, of two peaks at 70-100°C
and 160-200°C, which can be attributed to
two different states of adsorbed H,. The
high-temperature peak which corresponds
to strongly adsorbed H, increases signifi-
cantly when adsorption takes place at
higher temperatures. The carrier used to
disperse the metal influences the relative in-
tensity of the two peaks but not their posi-
tion in the temperature scale. Comparison
of the spectra obtained in this work with
spectra obtained over Rh(111) surfaces im-
plies that the carrier and possibly the Rh
crystallite size influence significantly the
mode of H, adsorption. Peak maxima were
observed to shift to higher temperatures
with increasing temperature of adsorption.
Furthermore, the quantity of H, desorbed
from Rh/TiO, was also found to increase
with increasing temperature of adsorption.
This has been attributed to activated ad-
sorption, and/or increased strength of the
adsorption bond and subsequently reduced
H, desorption prior to initiation of the TPD
experiments.
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CO TPD spectra were found to be signifi-
cantly affected by the nature of the support
of the Rh crystallites. Significant CO disso-
ciation was observed over Rh/TiO. and to a
smaller extent on Rh/AlL,O; but not on Rh/
Si0,. The dissociation of CO does not seem
to be directly related to the strength of the
Rh-CO adsorption bond. It is proposed
that the dissociation is at least partially as-
sisted by sites at the metal-support inter-
face. In addition to the CO dissociation pro-
cess, the appearance of CO-, has been
attributed to interaction of CO with surface
hydroxyl groups upon desorption of
strongly adsorbed CO. A significant shift of
peak temperatures towards lower values
was also observed over Rh/TiO-.

The reactivity of adsorbed CO towards
hydrogenation was investigated by TPR ex-
periments and was found to be significantly
affected by the nature of the carrier. Reac-
tivity was found to decrease in the order:
Rh/TiO, > Rh/Al,O; > Rh/SiO-. The same
order was observed in CO dissociation,
which might imply that CO dissociation is
an intermediate step in the process of CO
hydrogenation. Furthermore, the same or-
der of reactivity, with respect to the carrier
employed to disperse the Rh crystallites,
was observed in steady-state CO hydroge-
nation experiments.
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