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CO; reforming of CH,4 over Ru supported on n-Al,03, TiOg,
and high-surface-area carbon black was investigated, and the cata-
lysts were characterized using chemisorption, X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and temperature-
programmed surface reaction (TPSR). Although CO chemisorp-
tion and XRD spectra indicated high Ru dispersions (>50%),
H, chemisorption was significantly lower. Turnover frequencies
for CO; reforming of CH4 were obtained in the absence of heat
and mass transfer effects. These values decreased in the order
Ru/TiO; > Ru/Al,03 > Ru/C, and they were found to depend
strongly on the space velocity and hence the percentage of equi-
librium conversion. The use of a simple power law kinetic model
showed that this dependence is most likely due to a contribution
from CO hydrogenation to CHg, which constitutes part of the re-
verse reaction, thus emphasizing the need to work at low conver-
sions relative to the equilibrium conversion to obtain accurate ki-
netic data. Correction for this contribution allowed determination
of unidirectional forward rates for the CO,/CH, reforming reaction
on Ru. (© 1999 Academic Press

Key Words: methane; carbon dioxide; CO; reforming; ruthenium;
titania; alumina; carbon.

INTRODUCTION

The relative importance of natural gas as an energy re-
source is expected to grow significantly in the near future
(1, 2). Consequently, commercial interest in the conver-
sion of CO,-rich natural gas into more useful products such
as synthesis gas should also increase. Noble metals such
as Ru are not preferable for large-scale commercial use
in catalysts for CO, reforming of CH, (3); however, sev-
eral studies have shown the superior activity of Ru sup-
ported on TiO; (4), MgO (5), and Al,O3 (6) in compari-
son to other supported group V111 metals. While Ru/Al,O3
catalysts have been investigated by several research groups
(6-14), Ru/TiO; has not yet been thoroughly investigated
(4, 12), and carbon-supported Ru has yet to be studied.
Thus, a comparative investigation of CO,—CH, reforming
over Ru/Al;O3, Ru/TiO,, and Ru/C was undertaken. Fur-

1 Present address: Exxon Chemical Company, P.O. Box 4900, 4500
Bayway Drive, Baytown, TX 77522-4900.
2 To whom correspondence should be addressed. Fax: (814) 865-7846.

thermore, equilibrium conversions for this endothermic re-
action can be low; thus if experimental conversions are too
near these values, the reverse reaction can alter the ob-
served rates and complicate analysis. This consideration is
also addressed in this paper.

EXPERIMENTAL

A high-surface-area commercial carbon black, Black
Pearls 2000 (>1200 m?/g, Cabot Corporation), was treated
in flowing H, at 1230 K for 24 h to clean the surface and sub-
sequently cooled in flowing H; to room temperature prior
to impregnation with an aqueous solution of RuCl; - xH,O
(Alfa Products) (15). Due to the uncertainty in the hydra-
tion number of the Ru salt, the Ru loading was quanti-
fied via inductively coupled plasma spectrophotometry as
4.8+ 0.2 wt% (16). An incipient wetness technique was
used to impregnate n-Al,O3 (Exxon Corp., 245 m?/g) and
TiO, (Degussa P-25, 47 m?/g) to prepare 1.6% Ru/Al,O;
and 0.5% Ru/TiO; catalysts, respectively. Pretreatment of
the Ru catalysts prior to either reaction or chemisorption
consisted of reduction in flowing H; at 423 K for 30 min
and at 773 K for 60 min, followed by either a purge in flow-
ing He or evacuation (10~ Torr) for 30 min at 723 K to
remove adsorbed hydrogen, as described previously (4, 17,
18). Because reduction of Ru/TiO; at 773 K is known to
induce strong metal-support interaction (SMSI) behavior
(19), isotherms were also obtained at 300 K after reduc-
tion of Ru/TiO, at 473 K to better estimate the Ru dis-
persion. Murata and Aika have reported that reduction in
flowing H; near 1000 K is necessary to remove most residual
Cl from supported Ru catalysts (20); consequently, ex situ
X-ray photoelectron spectroscopy (XPS) was performed
with a Kratos Analytical XSAMB800pci system using un-
monochromated MgKu radiation to estimate the atomic
Cl/Ru ratios in the as-prepared and reduced catalysts (21).
For Ru/C and Ru/Al;Os3, the CI/Ru ratios were calculated
by integrating the intensities of the Ru 3p and CI 2p peaks
and normalizing the areas to published atomic sensitivity
factors of 1.2 for Ru 3p and 0.77 for ClI 2p (21). However,
the Ru 3p peak doublet was not detectable in the spectra
for Ru/TiO; (21); consequently, the CI/Ru ratios for this
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catalyst were estimated from the heights of the Ru 3ds/, and
Cl 2s peaks using atomic sensitivity factors of 2.15 for Ru
and 0.25 for Cl (22). In addition, X-ray diffraction (XRD)
was performed with a Rigaku Geigerflex sysem using fil-
tered CuKa radiation to identify the bulk phases of the
reduced catalyst samples.

The temperature-programmed surface reaction (TPSR)
of CO; with Ru/C was performed to investigate the po-
tential for the carbon gasification reaction, i.e., CO,+
C — 2CO, to occur. After redution of Ru/Cfor1hat 773 K
using the procedure described previously, the catalyst was
purged with He for 30 min at 723 K and cooled slowly
to room temperature. Subsequently, the temperature was
ramped from 300 to 1000 K at the rate of 10 &= 1 K/min while
a 1/1 mixture of CO; in He was passed over the catalyst
bed at a WHSV of 45,000 cm® g~! h~%. Concomitantly the
gas phase was sampled with the on-line gas chromatograph
every 2 min to monitor CO evolution and CO; consumption
via an overall carbon balance.

A high-temperature reactor sysem, described previously
(18), was used to determine catalyst activity. The amount
of catalyst used during these experiments varied between
4 and 50 mg. All activity tests were carried out under ca.
740 Torr absolute pressure, with a feed composition of CO,/
CHy/He =1/1/1.8 and a WHSV of 24,000 to 600,000 cm®
g~' h~! over the temperature range 673 to 723 K.

RESULTS

A summary of irreversible chemisorption values and up-
take ratios as well as CI/Ru ratios for the as-prepared and
reduced catalysts is provided in Table 1. The CI/Ru ratios
obtained from these spectra are all somewhat less than the
ratio of 3 present in the Ru salt precursor. More impor-
tantly, the XPS analyses illustrate that the 773 K reduction
pretreatment removed some, but not all, of the Cl from the
prepared catalysts. For all catalysts, H, adsorption is greatly
suppressed relative to that of CO. Lu and Tarachuk have
shown that CI poisons up to six nearest-neighbor adsorp-
tion sites on Ru to render H; adsorption activated (23, 24);
consequently, it is likely that suppressed H, adsorption is

in part due to the presence of residual Cl on the Ru surface
after reduction. Suppression of H; adsorption on Ru/C may
also be due in part to interstitial carbon atoms at the surface
of the Ru crystallites, as observed for Pd/C (25) and Ni/C
(18). The markedly suppressed adsorption of both H, and
CO on Ru/TiO, after reduction at 773 K, relative to that
after reduction at 473 K, is not attributed to Ru particle sin-
tering and indicates formation of the SMSI state with TiOy
species decorating the Ru surface, as observed previously
for other TiO,-supported metals (4, 17, 18). The high CO/H
ratios for all catalysts obtained from irreversible chemisorp-
tion measurements, which range from 4 to 35, are consistent
with Ru particle sizes on the order of 1 to 2 nm (24). The
CO/Ru ratios are above unity for Ru/TiO; and Ru/C and
indicate the possibility of carbonyl formation, which is a
reaction that occurs with very small Ru particles and thus
also implies high dispersion. For CO/Ru ratios greater than
one, a dispersion of unity was assumed.

XRD spectra of the three supported Ru catalysts after
reduction at 773 K are shown in Fig. 1. The XRD spectrum
of Ru/C reveals only sharp reflections due to the Al sample
holder and weak, broad peaks attributed to the carbon sup-
port. The XRD spectrum of Ru/Al,O3 reveals only reflec-
tions due to n-Al,O3, while the XRD spectrum of Ru/TiO,
reveals sharp reflections due to both anatase and rutile as
well as weak reflections due to the Al sample holder. The
absence of reflections due to Ru in all spectra indicates that
the Ru crystallites are very small, i.e., <3 nm, in agreement
with conclusions derived from H, and CO chemisorption.

The TPSR spectrum obtained during the interaction of
CO, with Ru/C is shown in Fig. 2. A maximum in CO for-
mation occurs at 990 K; however, the rate of CO formation
during TPSR is negligible below 723 K and orders of magni-
tude lower than that observed during CO,—-CH, reforming
(see Table 2). Therefore, although CO, can both dissociate
and interact with carbon on the Ru/C catalysts to yield CO
at high enough temperatures, these interactions can be ne-
glected during CO,~CH, reforming experiments provided
that the reaction temperature is maintained below 723 K.

The turnover frequencies for the net rate of CO forma-
tion, TOFco (s7%), during CO,~CHjy reforming at 723 K,

TABLE 1

Chemisorption Uptakes and CI/Ru Ratios for Supported Ru Catalysts

Uirr (emol/gecar) Cl/Ru ratio?
Tred _—

Catalyst (K) H, cO Hag/RUiotal CO,d/RUtotal As prepared Reduced
4.8% Ru/C 773 20.2 587 0.085 1.2 2.2 0.3
1.6% Ru/Al,O3 773 14.7 123 0.19 0.78 2.5 1.6
0.5% Ru/TiO, 773 1.3 26.6 0.051 0.51 2.8 1.9

473 3.0 107 0.11 3.9 — —

2 From XPS.
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FIG. 1.

XRD spectra of (A) Ru/TiO,, (B) Ru/Al,O3, and (C) Ru/C
after reduction at 773 K: (O) Anatase, (@) rutile, (O) n-Al,O3, (H) Al
sample holder, (A) carbon.

calculated by normalizing the activity (umol/s - gcar) to the
Ru dispersion determined by irreversible CO adsorption
after reduction at 773 K, were found to be very dependent
on the space velocity for all three supported Ru catalysts, as
shownin Fig. 3. Turnover frequencies for CH, consumption
(not shown for brevity) follow the same trend and clearly
indicate that it is not an artifact due to the reverse water—
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FIG. 2. TPSR spectrum for the interaction of CO, with reduced Ru/C.
Conditions: CO,/He =1/1, P=1 atm, WHSV =45,000 cm® g~* h™!, g =
10+ 1 K/min.
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TABLE 2
Comparison of Turnover Frequencies on Supported
Ru Catalysts at 723 K
TOFco = TOFror — ki P}, PEo
K TOFsr TOFco”
Catalyst 2 8 (Torr ™ sy (s (s  we

Ru/TiO, 20+02 —-05+0.2 0.026 9.1 74 0.07
Ru/Al,0; 16 —-0.6 0.087 35 29 014
Ru/C 1.8¢ —0.55¢ 0.002 0.24 02 004

2 Values obtained from Ref. (28).

b Maximum TOF observed at highest experimental WHSV (see Fig. 3).
¢ Weisz criterion (26).

4 A mean of the values used for Ru/TiO, and Ru/Al,Os.

gas shift (RWGS) reaction. The TOF¢p values obtained at
the highest space velocity are listed in Table 2. Weisz cri-
terion (W) calculations confirm the absence of diffusional
effects, i.e., for all cases W < 0.3 (26), as indicated in Table 2,
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FIG.3. Observed (i.e,, net) TOF for CO formation at 723 K as a
function of (A) WHSV and (B) percentage equilibrium conversion for

(0) Ru/TiO,, (@) Ru/Al,O3, and (O) Ru/C. Reaction conditions: CH4/
CO,/He=1/1/1.8, P=1atm.
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and the use of these very high space velocities would also
minimize or eliminate any external mass transfer effects. In
addition, use of the criterion discussed by Anderson (27)
to determine the absence of heat transfer limitations, i.e.,
|-AH|Rr?/ATs < 0.75 RT;/E, where AH is the heat of re-
action, R is the reaction rate, r is the particle radius, A is the
catalyst thermal conductivity, Ts is the reaction tempera-
ture, R is the gas constant, and E is the apparent activation
energy, showed that the value of the left-hand term was
consistently 1072-10~2 that of the right-hand term; thus no
heat transfer effects were present. All results indicate that
the percentage equilibrium conversion, i.e., the degree of
influence of the reverse reaction, is the important variable.
Supported Ru catalysts are very active for CO hydrogena-
tionto CH, (28); accordingly, an empirical analysis of the ki-
netic data in Fig. 3 indicates that the observed trend in TOF
with space velocity is likely caused by a decrease in the ef-
fect of the reverse reaction, i.e., CO hydrogenation to CHy,,
due to the lower conversions at higher space velocities. This
reaction coupled with the water-gas shift reaction, which is
quasi-equilibrated under these conditions (29, 33), consti-
tutes the overall reverse reaction. If the observed TOF for
the net rate of CO,—CHy, reforming at 723 K, TOFgps, is in-
fluenced by the reverse reaction, then the net rate can be
approximated by the expression

TOFobs = TOFfor - TOFrev» [1]

where TOFx,, is the turnover frequency for the forward
CO,—CHy4 reforming reaction (including the reverse water—
gas shift reaction) and TOF, is the turnover frequency
for the reverse, rate-determining methanation reaction. If
a general power rate law is assumed for CO hydrogenation
to CH4,

TOF ey = ki P}, Po. [2]

then a plot of TOF s values at each WHSV versus P}, P2,
should be linear, with the slope being equal to —k; at 723 K.

Plots of TOF s versus P/; P2, were constructed for both
TOFcoand TOFc, values for each catalystand were found
to be linear, as shown for Ru/Al,O3 and Ru/C in Fig. 4. Val-
ues of TOF,r and k; obtained from these analyses are pro-
vided in Table 2. The calculated values of the “true” forward
TOFs for CO,-CH, reforming at 723 K, TOF+,, are in close
proximity to the maximum TOFs observed experimentally
at the highest space velocities, TOFqay, indicating that at
sufficiently high space velocities and low enough conver-
sions the kinetic data were not significantly influenced by
the reverse reaction. The calculated value of k; for Ru/C
at 723 K is much lower than that for either Ru/TiO; or
Ru/Al,O3, in agreement with the general observation that
carbon-supported Ruis much less active for CO hydrogena-
tion to CH,4 than Ru supported by metal oxides (29). Thus,
this empirical rate analysis indicates that sufficiently high
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FIG. 4. Observed (i.e.,, net) TOF for CO formation at 723 K over
(@) Ru/Al,O3 and (0) Ru/C as a function of the effluent partial pressures
of H, and CO. See text and Table 2 for details. Reaction conditions: CH,/
CO,/He=1/1/1.8, P=1 atm.

space velocities must be used to maintain low conversions
and thus minimize the influence of the reverse reaction dur-
ing kinetic studies of CO,—CH, reforming. The use of high
WHSVs results in lower CH4 and CO, conversions which
decrease the effluent partial pressures of H, and CO and
thereby minimize the influence of both the RWGS reaction
and the reverse reaction. Consequently, not only the ob-
served TOF for CO,—~CHj, reforming but also the apparent
energy can be influenced for the space velocity if it becomes
too low, as shown in Fig. 5 for Ru/Al,Os.

Initial net catalyst activities and turnover frequencies at
723 K as well as apparent activation energies, Eapp, Obtained
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FIG.5. Variation of apparent activation energies, Egpp, with WHSV
for (0) CH4and (@) CO, consumption as well as for the formation of (OJ)
CO, (H) H,, and (A) H,0 during CH;~CO; reforming over Ru/Al,Os;.
Reaction conditions: CH4/CO,/He =1/1/1.8, P =1 atm.
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TABLE 3

Linear Deactivation Rate, Catalyst Activity at 723 K, and Apparent Activation Energy for Supported Ru Catalysts

Activity?
o Conversion (%) — Eapp (kcal/mol)
Deactivation - Specific TOFco TOFch,” e
Catalyst (%/h) CH, CO; (umol COJs - gear) () () CH, CO; co H, H,O
Ru/TiO, 14+1.1 7.4 12.2 197 7.4 2.8 18.2 17.1 175 23.2 14.6
4.0° 1.5°
Ru/Al,O3 0.3 6.2 12.3 357 2.9 0.97 255 18.0 20.3 29.9 16.7
Ru/C 5.1 5.6 111 97 0.20° 0.07¢ 25.7 20.6 22.2 26.2 20.8

@ Highest net activity at 723 K during initial 30 min on stream.
b Based on irreversible CO adsorption after reduction at 773 K.
¢ Assuming 100% Ru dispersion.

at high WHSVs are compared in Table 3. On a TOF ba-
sis, the order of catalyst activity for CO,—~CH, reforming
is Ru/TiO; > Ru/Al,O3 >3 Ru/C, and the same trend exists
for the forward, unidirectional TOFco values in Table 2.
Observed CO; conversions were always greater than those
of CH,. In addition, apparent activation energies for H, for-
mation are higher than those for CO and H,O, indicating
the influence of the RWGS reaction as discussed in detail
elsewhere (17, 18). Consequently, measured H,/CO ratios
were always less than unity. Note that in the absence of car-
bon deposition and C; formation, reaction stoichiometry
demands that

H, _

cCo
where rcp, and reo, are the experimental rates of CH4 and
CO;, conversion, respectively.

(3—=rco,/ren,) /(L +rco,/TeH,) [3]

DISCUSSION

The highest TOF for CH,4 consumption obtained in this
study at 723 K over Ru/Al;O3 is compared in Table 4 with
TOFs based on the studies by Solymosi et al. (10), Basini
and Sanfilippo (12), Mark and Maier (14), and Claridge et al.
(6). Direct comparison is difficult due to the wide range of

reaction conditions used; however, an effort has been made
here to do so by correcting all reported TOFs to the same
experimental conditions, i.e., Pcn, = Pco, =200 Torr and
T =723 K, using the following power rate law expression:

TOFcy, = Aexp(—Ecn,/RT) P&y, PLo,- [4]

Values of the apparent activation energy, Ecn,, reported by
Solymosi et al. (10) and Claridge et al. (6) were preferen-
tially used with their own data for self-consistency. Basini
and Sanfilippo (12) and Mark and Maier (14) did not report
Ecn, values; thus, a mean value (+£10,) of 20.2 + 5.3 kcal/
mol was used to extrapolate their TOF data. Mean values
of @, 0.52 +0.36, and B, 0.21 4-0.40, were calculated based
onall @ and B values reported in the literature for CH, (30).
It is of interest that these approximate “standard” TOFs at
723 K still correlate with the space velocity, in agreement
with Fig. 3, suggesting that the relatively low TOF values
may be due to the effect of the overall reverse reaction, of
which CO hydrogenation to CH,4 consitutes the initial re-
action. This conclusion is supported by data in the original
references. For example, the TOF reported by Basini and
Sanfilippo was measured at an extremely low space velocity
near equilibrium conversion (12). The initial CH,4 conver-
sion of 7.5% at 823 K measured by Solymosi et al. (10)

TABLE 4

TOFs for CO,~CH,4 Reforming over Ru/Al,03 Compared under Identical Conditions

Experimental data

Standard
GHSV P, T Ech, TOFch, TOFch,®
Catalyst Precursor H/Ru (h™ (Torr) (K) (kcal/mol) G G Reference
1.6% Ru/n-Al,O3 RuClz-H,O 0.19 595,500 200 723 255 0.97 0.97 This study
5% Ru/Al,O3 — 0.016 440,000 380 723 13 0.62 0.40 (6)
0.5% Ru/y-Al;,03 RuCl3-H,O 0.35 30,000 380 973 — 2.00 0.03 (14)
1% Ru/Al,O3 RuCl;-H,O 0.055 6,000 380 823 22.1 0.53 0.05 (10)
Ru/a-Al,O3 Ru3(CO), 0.95 3,000 570 1023 — 1.05 0.008 (12)

& Extrapolated to “standard” conditions, i.e., Pcr, = Pco, =200 Torr and T =723 K, using TOFch, = A exp(—Ecn,/RT) PgH4 Pgoz. See Discussion

for details.
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is about one-third that expected at thermodynamic equi-
librium under their reaction conditions. Consequently, the
use of low space velocity, and thus large residence time, can
result in the strong influence of the reverse reaction.

XPS analysis of the as-prepared and reduced Ru/n-Al,O3
catalysts in this investigation supported the proposal that
the discrepancy between irreversible H, and CO uptakes
prior to use in the reaction is due in part to coverage of
the Ru surface by CI originating from the RuCl; precur-
sor, as discussed previously. Thus, the low Ru dispersions
for Ru/Al,O3 based on H, chemisorption, as reported by
Solymosi et al. (10), Mark and Maier (14), and Claridge
etal. (6), may also reflect partial coverage of the Ru surface
by CI. Basini and Sanfilippo (12), however, prepared their
Ru/Al,O; catalyst with Ru3(CO)1, rather than a Cl salt pre-
cursor. The relatively high dispersion that they measured by
H, adsorption, ~0.95, is consistent with our CO chemisorp-
tion (Table 1) and XRD results (Fig. 1), indicating that Ru
can be well dispersed on an Al,Oj3 surface. Further evalu-
ation to quantify the Ru dispersion, e.g., by HRTEM, was
beyond the scope of this investigation. It is not possible
to determine from the data obtained here whether or not
the interaction of Cl with the Ru surface, during which CI
may geometrically block adsorption sites as well as induce
a nearest-neighbor ligand effect, significantly affects the ki-
netics of CO,—CH, reforming. Gudde and Lambert have
shown that the adsorption of Cl on Ru(100) increases the
work function, and hence the ionization potential (IP), of
the Ru surface (31). Also, Trevor et al. have shown that the
reactivity of CH,4 with Pt clusters in the gas phase increases
asthe IP of the cluster increases (32). Thus, it seems possible
that Cl could promote CO,—CH, reforming over supported
Ru by facilitating CH, activation. Indeed, the relative cat-
alyst activities measured in this investigation (Table 3)
correlate with measured initial CI/Ru ratios on the reduced
catalysts (Table 1). However, the presence of steam under
reaction conditions could facilitate CI removal and mini-
mize its influence on kinetic behavior. Additional studies
are necessary before any nonspeculative conclusion can be
made.

Based on turnover frequencies, the order of catalyst ac-
tivity for CO,—CHj, reforming obtained in this investiga-
tion is Ru/TiO; > Ru/Al,O3 > Ru/C, as shown in Fig. 3and
Tables 2 and 3. The irreversible CO uptake on Ru/TiO;
after reduction at 773 K was significantly suppressed rela-
tive to that measured after reduction at 473 K, as shown
in Table 1. In situ diffuse reflectance Fourier transform in-
frared (DRIFT) spectra of this catalyst during reduction
at 773 K clearly demonstrated Ti—-O bond cleavage and in-
dicated TiOy formation (4, 30); thus, metal-support inter-
actions are created in this catalyst. Via controlled deposi-
tion of TiOx onto Pt powder, it has been demonstrated that
TiOy species on a metal surface greatly promote catalyst ac-
tivity for CO,—CHj, reforming, presumably because of the

creation of a large number of interfacial sites (33). Under
these reaction conditions, kinetic data have been fit well by
a rate expression derived from a sequence of steps invok-
ing a slow, reversible, dissociative CH,4 adsorption step to
form CHy ag Species as well as a slow, irreversible step for
the decomposition of a surface CH4O species to form CO
and hydrogen (17, 30, 34). The reverse water—gas shift reac-
tion is quasi-equilibrated. Details and assumptions related
to this model have been discussed in detail in these previous
papers. Thus, the superior activity of Ru/TiO, in compar-
ison to Ru/Al;O3; and Ru/C may be due to the presence
of interfacial Ru-Ti""tOy sites which can markedly enhance
the rates of these two processes.

The activity of the Ru/C catalyst on a TOF basis is an or-
der of magnitude lower than that of either Ru/TiO, or Ru/
Al,O3, as shown in Table 3. In contrast to the latter two
catalysts, reduced carbon-supported Ru should have no in-
terfacial cation sites; thus, in the context of the previous
paragraph, Ru/C might be expected to be the least ac-
tive for CO,—CH, reforming. Although CH, dissociation
on Ni surfaces (35) and CO; reduction on Pt surfaces (36)
are structure sensitive, the rates of formation of C; and C;
hydrocarbons from CH, over Ru(1120) are only about two
times higher than for Ru(0001) (37); thus, the relatively
low activity of Ru/C is not likely to be due to severe struc-
ture sensitivity. Nevertheless, in the absence of microscopic
information that clearly defines the structure of the Ru
crystallites in these catalysts, the relative importance of Ru
structure to catalyst activity for CO,—CH, reforming cannot
be evaluated at this time.

SUMMARY

Evidence is presented that illustrates that the specific ac-
tivity and apparent activation energy of supported Ru cata-
lysts for CO,—CH, reforming can be quite dependent on the
space velocity because it can control the percentage equilib-
rium conversion and thus the influence of the reverse reac-
tions: slow CO hydrogenation to CH, followed by the quasi-
equilibrated water—gas shift reaction. With this perspective,
it is possible to reconcile significant differences in TOFs re-
ported in the literature for Ru/Al,O3 catalysts. On a TOF
basis, the order of catalyst activity is found to decrease in
the order Ru/TiO; > Ru/Al,O3 > Ru/C under conditions
where heat and mass transfer limitations do not exist. The
same trend exists for both the net TOF and the unidirec-
tional forward TOF values, and the TOF on Ru/TiO; is
40-fold higher than that on Ru/C.
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