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Isotopic tracer and NMR experiments have revealed the presence of carbidic carbon atoms and 
alkyl groups on a RufTiOr catalyst during CO hydrogenation. The carbidic carbon, which covers 
about 25% of the catalyst surface, is composed of two separate species, a methane precursor and a 
monomer building block for hydrocarbon chain growth. Modeling results indicate that both carbidic 
carbon species are formed directly from CO and that 80% of the carbidic carbon serves only as a 
monomer building block. The alkyl groups are divided into two separate species, Ci and Ci. The CA 
pool consists of the intermediates to Cz+ hydrocarbon products, whereas the Ci pool consists of 
longer alkyl chains which accumulate continuously during reaction and are believed to reside on 
the support. 6 1989 Academic Press, Inc. 

INTRODUCTION 

Isotopic tracer and NMR studies of CO 
hydrogenation over RuEi and Ru black 
conducted in this laboratory (Z-6) have 
shown evidence for the presence of car- 
bidic carbon and alkyl chains on the surface 
of Ru under reaction conditions. The sur- 
face concentration of carbidic carbon in- 
creases rapidly and comes to a steady-state 
level at the same time as the rate of product 
formation. Winslow and Bell (2, 6) have 
suggested that carbidic carbon is the pri- 
mary precursor to the formation of methane 
and Cz+ hydrocarbons. Based on isotopic 
tracer studies carried out with unsupported 
Co, NiZSiO:! , and Ru/A120~, Biloen and co- 
workers (7, 8) concluded that only a small 
fraction of the total carbidic carbon may be 
active in the formation of methane. In sub- 
sequent work with unsupported Co and Ru/ 
A1203, Zhang and Biloen (9) concluded that 
the carbidic carbon is divided into two 
pools, one containing the precursors to 
methane and the other, the monomeric 
building blocks required for hydrocarbon 
chain growth. From an analysis of isotopic 
tracer experiments with Co/SiOz and K- 

promoted Fe catalysts, Mims and McCand- 
lish (IO, II) determined that the majority of 
the surface carbon is in the monomeric 
building block pool and that only a small 
fraction of the surface is occupied’by grow- 
ing hydrocarbon chains. More recently, 
Mims et al. (22,13) have found evidence on 
Ru/A1203 for a long-lived Cz species which 
behaves as a chain initiator. Stockwell et 
al. (14) have also reported recently that 
only a fraction of the active carbon present 
on the surface of an Fe/A1203 catalyst is 
involved in the formation of hydrocarbon 
products. 

Alkyl chains have been observed on sup- 
ported and unsupported Ru by both infra- 
red and NMR spectroscopies (4, 5, 15-22) 
and have been found to accumulate during 
reaction to amounts exceeding the equiva- 
lent of a Ru monolayer (17, 20, 22). Since 
the alkyl species do not undergo H-D ex- 
change under reaction conditions and are 
less reactive with hydrogen than carbidic 
carbon, several authors have proposed that 
the majority of the alkyl species are not in- 
volved in the mechanism of hydrocarbon 
synthesis (Z5,17, Z8). Other authors (4,16, 
20) on the other hand, have proposed that 
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these species serve as reservoirs which re- 
supply the catalyst surface with single car- 
bon atoms. 

The objective of this study was to charac- 
terize the dynamics of the deposition and 
reaction of carbonaceous species during 
CO hydrogenation over Ru/Ti02. Titania 
was chosen as the support since Ru/TiOz 
has been found to be more active than Ru/ 
SiOz or Ru/A1203 (23). One of the goals of 
this work was to compare the structure and 
reactivity of carbonaceous species depos- 
ited on Ru/TiOz with those of carbonaceous 
deposits formed on Ru/SiOz (I, 2). A sec- 
ond goal was to estimate what proportion of 
the alkyl chains observed under reaction 
conditions are active in the formation of 
Cz+ hydrocarbons. The distribution of dif- 
ferent carbonaceous species was investi- 
gated using isotopic tracer techniques 
in combination with temperature-pro- 
grammed surface reaction (TPSR) spectros- 
copy and NMR spectroscopy. 

EXPERIMENTAL 

Three reactors were used in this study. 
Temperature-programmed surface reaction 
experiments were preformed in a low dead 
volume quartz tube. The reactor could be 
heated at a rate of 1 K/s. Infrared spectra of 
adsorbed CO were taken in a stainless-steel 
cell equipped with calcium fluoride win- 
dows (24). The preparation of samples for 
NMR spectroscopy was carried out in a IO- 
mm-o.d. Pyrex tube with the ends fused to 
copper tubes. After sample preparation, the 
copper tubes were cold-welded and the re- 
actor was placed inside the NMR spectrom- 
eter as explained in Ref. (4). 

The experimental apparatus used has 
been described previously in Ref. (2). The 
flow system was designed to produce step 
function changes in isotopic composition of 
the gas mixture fed to one of the three reac- 
tors. Switching from isotopically labeled to 
unlabeled gas was accomplished using a 
computer-actuated, low dead volume, four- 
way valve. The time constant for the iso- 
topic switch was less than 0.2 s. A portion 

of the product stream was sampled through 
a variable leak valve into a vacuum cham- 
ber containing a quadrupole mass spec- 
trometer. The mass spectrometer was oper- 
ated at an electron energy of 30 V to 
minimize the cracking of hydrocarbons. A 
microcomputer was used to schedule the 
gas delivery sequence, to select the mass 
spectrometer mass and gain settings, and to 
store the mass spectrometer signals as 
functions of time. 

The r3C NMR experiments were per- 
formed on a Bruker CXP-200 spectrometer, 
operating at 50.34 MHz. The magic angle 
spinning 13C NMR was preformed in a 180 
MHz homebuilt spectrometer. The sample 
was transferred from the reactor into a 
Macor rotor in a dry box under argon 
atmosphere. A Doty Scientific magic angle 
spinning NMR probe was used. 

HZ, CO, and He were supplied to the re- 
actor from a gas manifold. UHP hydrogen 
from Matheson was purified by passage 
through a Deoxo purifier (Engelhard) and 
molecular sieves (Linde 13x) cooled in dry 
ice. Helium obtained from the Lawrence 
Berkeley Laboratory was purified by pas- 
sage through Oxy-Absorbent (Alltech 
Associates) and molecular sieves cooled 
in dry ice. UHP carbon monoxide from 
Matheson was purified of iron carbonyls by 
passage through a copper tube packed with 
glass beads and heated to 473 K. Further 
purification was accomplished by passage 
through Ascarite and molecular-sieve- 
cooled in dry ice. Isotopically labeled 99% 
13C0 was obtained from Isotec and used 
without further purification. 

A 4.3% Ru/Ti02 catalyst was prepared by 
incipient wetness impregnation of Titania 
P-25 (Degussa) with an aqueous solution of 
RuC13 * 3H20 (Strem). The impregnated 
support was dried in air at 373 K overnight. 
The catalyst was sieved to -30, +60 mesh 
particles. Reduction of the catalyst was car- 
ried out in the quartz reactor. The reactor 
was loaded with 50 mg of catalyst and the 
temperature was ramped at 0.2 K/s to 573 K 
under flowing hydrogen. The temperature 
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was then maintained at 573 K for 2 h, after 
which the sample was flushed for 30 min at 
573 K in flowing He to remove chemisorbed 
hydrogen. The dispersion of Ru was deter- 
mined by hydrogen chemisorption at 373 K 
following reduction at 473 K and was found 
to be 12%. 

A standard experimental procedure was 
used for this study. The catalyst was first 
reduced in flowing H2 and then exposed to 
the desired reaction gas to label isotopically 
the carbon species of interest. All experi- 
ments were carried out using a CO partial 
pressure of 50 Tot-r and a DZ partial pres- 
sure of 150 Tot-r, at a total pressure of 760 
Tot-r. Following a reaction sequence, the 
reactor was flushed with helium to remove 
gas-phase reactants. The catalyst was then 
quenched to room temperature in approxi- 
mately 20 s by blowing N2, gas-cooled in 
liquid N2, over the outside of the reactor. 
To characterize the carbonaceous species 
remaining on the catalyst, the catalyst was 
then heated at I K/s in flowing deuterium 
and the production of i3C-labeled products 
was monitored. 

The steady-state product distribution 
was measured by gas chromatography us- 
ing a Varian Model 3700 GC equipped with 
a FID. Cl-CT hydrocarbons were resolved 
on a 2-m-long, teflon-coated g-in. stainless- 
steel tube packed with Porapak PS (25). 
The product distribution was measured af- 
ter 5 min of reaction. The products fol- 
lowed a Shulz-Flory-Anderson (SFA) dis- 
tribution characterized by (Y = 0.69. 

RESULTS 

The following procedure was used to de- 
termine the reactivity of chemisorbed CO. 
The reduced catalyst was flushed with he- 
lium for 30 min at 573 K to removed ab- 
sorbed hydrogen and then exposed to i3C0 
for 30 s at 50 Torr at room temperature. The 
sample was flushed with helium for 10 min 
and then the temperature was ramped at 1 
K/s in 150 Tot-r of deuterium. The total flow 
rate of gas was 152 cm3/min. The major 
product observed was methane. The rate of 

T (K) 

FIG. 1. Comparison of 13C TPSR spectra for (a) ad- 
sorbed CO, (b) Boudouard carbon, (c) “C-labeled 
Boudouard carbon exposed to ‘*CO and Dz for 25 s. 

methane formation passed through a maxi- 
mum at 419 K as shown by spectrum (a) in 
Fig. 1. The CO coverage calculated by inte- 
grating the methane peak was 1.05 of a Ru 
monolayer. Trace amounts of ethane were 
also observed, but no carbon monoxide was 
detected. 

Labeled i3C was deposited on the surface 
by flowing 50 Tot-r of i3C0 for 300 s at 463 K 
over a sample previously flushed in He at 
673 K. Production of CO2 was observed 
indicating carbon deposition by the 
Boudouard reaction. i2C0 was then flowed 
over the catalyst for 25 s to exchange with 
the chemisorbed 13C0. In situ infrared 
spectra showed that the CO isotopic ex- 
change occurred in less than 2 s. Upon 
heating the catalyst in deuterium, the major 
labeled product observed was methane. 
Spectrum (b) in Fig. 1 shows the rate of 
methane formation as a function of temper- 
ature. The maximum rate occurs at 427 K 
and a shoulder can be seen at 378 K. The 
total amount of i3C-labeled carbon removed 
from the surface is 0.33 ML (monolayers). 
In a separate experiment, the catalyst was 
again exposed to i3C0 for 300 s at 463 K, 
but then treated with a 3 : 1 mixture of 
D2 and 12C0 for 25 s. The subsequent tem- 
perature-programmed reaction spectrum 
showed the major labeled peak to be meth- 
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FIG. 2. Effect of reaction time on 13C TPSR spectra of C, and C,. Inset: The rate of 13CD4 formation 
observed during initial exposure to ‘)CO and D2. Reaction conditions: P,, = 150 Torr, Pco = 50 Torr, 
T = 463 K. Gas introduction sequence: ‘VO + D2 (t,) -+ ‘*CO + He (25 s) + He (cool) + D2 (TPR). 

ane with a peak maximum at 463 K (see 
Fig. 1). The total amount of i3C-labeled car- 
bon removed in this instance was 0.5 ML. 

The buildup of surface carbon under re- 
action conditions was studied for an ini- 
tially reduced catalyst and for a catalyst op- 
erating under steady-state conditions. In 
the first case, a 3 : 1 mixture of DZ and 13C0 
(150 Torr D2 and 50 Torr CO) was passed 
over the freshly reduced catalyst for 3 to 20 
s. The reaction temperature for these ex- 
periments was 463 K. The rate of methana- 
tion as a function of reaction time is shown 
in the inset in Fig. 2. After a fixed reaction 
time, the chemisorbed 13C0 was replaced 
with i2C0 by exposing the catalyst to a flow 
of i2C0 for 2.5 s. The reactor was then 
flushed with He and the TPSR spectrum re- 
corded in the presence of flowing D2. The 
principal product observed was CD, and 
only small amounts of higher hydrocarbons 
were detected. Figure 2 shows a series of 
TPSR spectra recorded following progres- 
sively longer exposure of the catalyst to the 
reaction mixture. These spectra consist of 
two overlapping peaks. The peak at 400 K 
reaches a maximum intensity almost instan- 

taneously. The second peak evolves more 
slowly and continues to grow even after 30 
s of exposure of the catalyst to the reaction 
mixture. The temperature for the maximum 
of this peak appears to shift from 453 to 463 
K with increasing duration under reaction 
conditions. 

The amount of surface carbon accumu- 
lated after 3 s of reaction is approximately 
0.25 ML, as determined by integration of 
the corresponding TPSR spectrum shown 
in Fig. 2. The shape of this spectrum and 
the location of the maxima are very similar 
to those for the spectrum of Boudouard car- 
bon, shown in Fig. 1. Since Boudouard car- 
bon is devoid of any hydrogen, the majority 
of the carbon deposited after 3 s of reaction 
is designated as C, , using the nomenclature 
of Winslow and Bell (2). As will be demon- 
strated below, this assignment is supported 
by NMR spectra of the deposited carbon. 

The methane peak which appears be- 
tween 463 and 473 K with increasing reac- 
tion time (see Fig. 2) occurs in the same 
temperature range as the TPSR peak ob- 
served in Fig. 1 obtained following expo- 
sure of Boudouard carbon to a mixture of 
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FIG. 3. 13C NMR spectrum of carbonaceous species deposited on after 120 s of steady-state reaction 
in 13CO/D2. 

CO and D2. As discussed below, this peak 
can be attributed to the presence of alkyl 
groups on the catalyst surface, and hence is 
ascribed to Cp, using the notation of 
Winslow and Bell (2). The amount of C, 
accumulated after 30 s is 1.7 ML, and this 
amount grows to greater than 3 ML if the 
reaction is allowed to continue for 120 s. 

13C NMR spectra of the carbonaceous de- 
posits were recorded to confirm the pres- 
ence of C, and CB on the catalyst surface. 
Figure 3 illustrates the spectrum obtained 
after exposure of the catalyst to reaction 
conditions for 120 s. The appearance of this 
spectrum is very similar to those reported 
by Duncan et al. (4) for CO hydrogenation 
over Ru/SiO1. By analogy with the work of 
these authors, the broad peak at 346 ppm 
can be assigned to C, and the narrow peak 
at 9.5 ppm, to Cp. Magic angle spinning 
NMR spectroscopy showed that the narrow 
peak could be decomposed into five compo- 
nents, revealing the presence of -CHz- and 
-CH3 groups in different environments. As 
noted in Table 1, the position of the MAS- 
NMR peaks are consistent with the results 
reported by Duncan et al. (5) for Ru/SiO*. 

The dynamics of carbon accumulation 
under steady-state conditions were investi- 
gated in the following manner. Steady-state 
methanation was established by flowing 
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r2C0 and D2 for 30 s. The reactant mixture 
was then switched to one containing r3C0 
and D2 for 2 to 30 s. Adsorbed 13C0 was 
displaced from the catalyst surface by pass- 
ing r2C0 through the reactor for 25 s. Fol- 
lowing a short flush of the reactor with He, 
the 13C-labeled carbon was reacted in flow- 
ing D2. 

Figure 4 shows the rate of r3CD4 forma- 
tion during the period following the switch 
in feed composition from ‘*CO/D2 to r3CO/ 
D2 and the corresponding TPSR spectra of 
the surface carbon. The rate of replacement 
of the t2CD4 with 13CD4 is characterized by 
a half-life (t& of 4.9 s. While the appear- 
ance of the TPSR spectra in Fig. 4 is similar 
to those shown in Fig. 2, the change in rela- 
tive peak intensities with time under reac- 
tion conditions is different. The principal 

TABLE 1 

13C NMR Spectra Assignments” 

Center of mass Center of mass Assignment 
(this study) (Duncan e, al. (5)) 

- 
28.7 

35.1 Ru-C*Hz-CHr 
28.3 Ru-CH&YHz).-CHz-CH, 

20.1 21.1 Ru-CH&CH&C*H+ZH, 
- 18.4 Ru-CHz-C*Hz-CH,(?) 

11.0 11.7 -CH&*H, 

0 In *pm. 
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FIG. 4. Effect on IF TPSR spectra of the duration of exposure to WO/D2 after exposure to ‘*CO/D2 
for 30 s. Reaction conditions: P,,, = 150 Torr, PC0 = 50 Torr, T = 463 K. Gas introduction sequence: 
‘TO + D2 (30 s) + “CO + D2 (;,, --, WO (25 s) + He (cool) + DZ (TPR). 

distinction is that the accumulation of C, 
(i.e., carbon reacting between 323 and 423 
K) occurs more slowly under steady-state 
conditions than over a freshly reduced cata- 
lyst. In fact, the spectra shown in Fig. 4 
demonstrate that 20 to 30 s are required for 
the steady-state inventory of C, to be estab- 
lished, whereas only 3 s are required during 
startup of the reaction over a freshly re- 
duced catalyst. However, as in Fig. 2, the 
build up of CB increases monotonically. A 
further point of note is that the accumula- 
tion of C, reaches a plateau at about the 
same time that the rate of CD,, formation 
reaches steady state. 

The path of labeled carbon during steady- 
state reaction was investigated by exposing 
the catalyst to a r3CO/D2 mixture for 30 s 
and then switching over to a mixture of 
‘*CO&. The subsequent TPSR spectra are 
shown in Fig. 5. It is apparent that r3Ca re- 
acts rapidly and is almost totally removed 
after 50 s under ‘*CO/D2. Concurrently, 
there is a slight increase in the intensity of 
the CB peak. This is then followed by a de- 
crease in the CB peak intensity and a shift of 
the peak maximum to higher temperatures. 

Quite surprisingly, though, after 200 s of 
reaction in **CO and Dz, the intensity of the 
Cp peak remains constant, while the posi- 
tion of this peak continues to shift upscale. 
Figure 6 illustrates 13C NMR spectra taken 
immediately after preparation (spectrum 
(a)), and after exposure of the catalyst to a 
‘*CO and D2 mixture for 90 s (spectrum (b)). 
It is evident that in the latter case the C, 
peak is totally absent, whereas the Cp peak 
has virtually the same intensity in both 
cases. These experiments lend further con- 
firmation to the assignment of the low-tem- 
perature portion of the TPSR spectra to C, 
shown in Figs. 2 and 4. 

The effects of thermal aging on the reac- 
tivity of C, and C, were investigated by al- 
lowing the freshly formed surface carbon to 
stand in He at reaction temperature for 0 to 
800 s before obtaining a TPSR spectrum. 
The results of these experiments are shown 
in Fig. 7. With increasing aging at 463 K, 
the Cp peak centered at 463 K decreases in 
intensity, but the total amount of reactive 
carbon remains constant. These results 
suggest that with aging, Cp forms a more 
refractory type of carbon. 
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FIG. 5. Effect on 13C TPSR spectra of the duration of exposure to ‘*CO/D2 after initial exposure to 
13CO/D2 for 30 s. Reaction conditions: PDz = 150 Torr, Pco = 50 Ton-, T = 463 K. Gas introduction 
sequence: 13C0 + DZ (30 s) + ‘2cO + D2 (t,) + 13C0 (25 s) --* He (cool) -+ Dz (TPR). 

Experiments were also carried out to de- 
termine the effects of aging on the compo- 
nents of C, remaining on the catalyst sur- 
face after extensive reaction of the 
r3C-labeled carbon deposit in a ‘*CO/D2 
mixture. Figure 8 shows that this form of 
carbon is essentially unaffected by aging in 
He and will be referred to as C;j. The alkyl 

chains which are removed from the catalyst 
surface during steady-state reaction will be 
referred to as Ck. 

NMR spectroscopy was used in an effort 
to differentiate between Cb and Ci . Spectra 
of catalysts samples with Cb and Ci are 
shown in Fig. 9. Also shown is a difference 
spectrum obtained after normalization of 

d 
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FIG. 6. “C NMR spectrum of carbonaceous species: (a) after 120 s of steady-state reaction in ‘)CO/ 
D2 ; (b) following (a) after 90 s of exposure to 12CO/Dz. 
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FIG. 7. Effect on 13C TPSR spectra of the duration of He flushing. Reaction conditions: PO, = 150 
Torr, PC0 = 50 Torr, T = 463 K. G as introduction sequence: 13C0 + D2 (30 s) -+ WO + He (25 s) + 
He (tHe) + DZ (TPR). 

the peak areas. The difference spectrum in- show that the ratio of CH3/CH2 groups is 
dicates that Ci has a larger amount of car- smaller for Ci than Cb, also indicating that 
bon at 28 ppm. Carbon exhibiting a peak at Ci consists of longer carbon chains. 
28 ppm has previously been assigned to 
CH2 groups in linear alkyl chains (5). This DISCUSSION 

suggests that the length of alkyl chains Winslow and Bell (2, 6) have concluded 
comprising CE is longer than that of the that on Ru/SiOz, C, is the precursor to 
chains comprising Ck . MAS-NMR spectra methane. The results of this study indicate 

2- b 100 
c 300 

I - 

300 400 500 
T (K) 

FIG. 8. Effect on j3C TPSR spectra of the duration of He flushing. Reaction conditions: PO, = 150 
Torr, PC0 = 50 Torr, T = 463 K. Gas introduction sequence: “CO + D2 (30 s) + ‘*CO + DZ (300 s) --, 
He (tHe) + D2 (TPR). 
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FIG. 9. 13C NMR spectrum of carbonaceous species 
(a) after 120 s of steady-state reaction in 13CO/D2 fol- 
lowed by 90 s of exposure to ‘*CO/D2 ; (b) after 120 s of 
steady-state reaction in 13CO/D2 followed by 500 s of 
exposure to ‘2CO/D2. 

that an identical conclusion can be drawn 
for methane formation over RujTiO:!. As 
seen in Fig. 2, the rate of methane forma- 
tion reaches a steady-state level at the same 
time as the surface coverage by C,. Simi- 
larly, Fig. 4 shows that the surface cover- 
age of i3Cc, and the rate of formation of i3C- 
labeled methane reach a steady state at the 
same time. 

The Ck pool is believed to consist of the 
precursors to paraffins and olefins. The rate 
of removal of the Cb from the surface dur- 
ing steady-state reaction is estimated from 
the data presented in Fig. 5. After a known 
amount of i3Cg is deposited on the catalyst 
surface, the amount of i3Cg remaining as a 
function of reaction time in i2C0 and Dz is 
measured. Since the rate of i3Cb removal is 
seven times faster than the rate of labeled 
methane formation, one may conclude 
that Cb leaves the surface as Cz+ products, 

and hence, that Ck consists of the precur- 
sors to Cz+ products. 

The Ci pool of carbon probably contains 
longer hydrocarbon chains which may be 
present on either the metal or the catalyst 
support. NMR spectra (see Fig. 9) have 
shown that the Ci chains are longer than 
the Ch chains. The amount of CF increases 
with reaction time without significantly de- 
creasing the reaction rate suggesting that 
the chains do not block a significant portion 
of the Ru surface. Further evidence for the 
contention that Ci resides primarily on the 
support is provided by the data presented in 
Figs. 7 and 8, which show that the Ci is 
stable during He aging whereas the Cb be- 
comes more refractory with aging at 463 K. 
Previous studies using in situ infrared spec- 
troscopy have shown that hydrocarbon 
chains accumulate on supported Ru cata- 
lysts during CO hydrogenation (15-22) and 
that these chains are not affected by purg- 
ing in He (17, 18). In addition, the wax 
buildup on Ru/A1203 has been shown to 
consist of C30+ hydrocarbon chains which 
have the same carbon number distribution 
as the reaction products, suggesting that 
the very long hydrocarbon chains produced 
are trapped on the catalyst surface (26). Fu- 
kushima et al. (21) have shown with infra- 
red spectroscopy that chains accumulating 
on the catalyst surface have a greater pro- 
portion of -CHz- groups than the reaction 
products, in agreement with the results of 
NMR spectroscopy presented here. The re- 
tention of hydrocarbon chains longer than 
Cg during CO hydrogenation over Ru sup- 
ported on microporous silica has also been 
observed by Wakui and Handa (27). 

The methane peak observed during the 
TPSR of Cp can be ascribed to the hydro- 
genolysis of alkyl chains. This interpreta- 
tion is suggested by the infrared observa- 
tions of Tamaru and co-workers (20) who 
found a decrease in alkyl chain length dur- 
ing the isothermal reduction of alkyl groups 
formed on a Ru/SiOz catalyst by CO hydro- 
genation. More recently, Zhou and Gulari 
(28) have shown that H2 reduction of C, 
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results in a spectrum of hydrocarbon prod- 
ucts, but that this spectrum does not follow 
an SFA distribution. It was concluded, 
therefore, that the reduction of C, proceeds 
by hydrogenolysis of alkyl chains. 

Since the hydrogenolysis of alkyl chains 
requires Ru sites but the majority of the C, 
inventory is stored on the support, the con- 
sumption of C, during TPSR must occur as 
a consequence of surface diffusion of the 
species composing C, from the support to 
the dispersed Ru particles. It is also noted 
that the temperature at which Cb reacts is 
higher than that at which adsorbed CO un- 
dergoes hydrogenation. This is believed to 
be due to the stabilization of the alkyl 
chains composing C, by adsorbed CO. Con- 
sistent with this, Akhter and White (29) 
have shown that C,D, fragments are stabi- 
lized by adsorbed CO on Ni(lOO). 

The conversion of C, to Cp during reac- 
tion is shown clearly in Fig. 1 and has been 
previously reported by Winslow and Bell 
(2). The addition of hydrogen to the 

Model II 
CH, Q-4 

co--+ 9b . 

FIG. 10. Proposed models for the relationship be- 
tween the methane precursor and the monomer build- 
ing block in the mechanism of CO hydrogenation. 

Boudouard carbon changes the TPSR peak 
position from that for C, to that for C,. 
Examination of Fig. 5 also shows that after 
the isotopic switch to ‘*CO and D2, the 
amount of ‘)C, decreases and the amount of 
i3Cp increases during the first 10 s of reac- 
tion in the i2CO/D2 mixture. Since the 13CG 
is the only source of labeled carbon on the 
catalyst surface, the increase in the amount 
of i3CB must be from the conversion of 13Ca 
to i3Cs. In addition, during the start-up of 
reaction, Cp formation does not occur until 
after C, is formed (see Fig. 2). The addition 
of hydrogen to the Boudouard carbon 
changes the TPSR peak position from that 
for C, to that for Co. 

To obtain additional insights into the re- 
action mechanism, the experimental results 
were compared with three different models. 
Each of these models is presented schemat- 
ically in Fig. 10. Model I has one pool of 
monomer carbon, 0,) which contains the 
precursor to methane and the building 
blocks to form hydrocarbon chains. This 
model is suggested by the observation of 
only one type of carbidic carbon (C,) by 
TPSR and NMR spectroscopy. Model II is 
that proposed by Zhang and Biloen (9) to 
account for the product distribution ob- 
served during transient isotopic tracer ex- 
periments. The C, is divided into two sepa- 
rate pools, the methane precursor (0,) and 
the monomer building block (&,). The meth- 
ane precursor is formed from the monomer 
building block. Model III also separates the 
C, into methane precursor and building- 
block pools, but in contrast to Model II, the 
methane precursor is formed directly from 
co. 

As discussed in the Appendix, each of 
the models involves four parameters: (Y, 
1l/2, kt, and &,/& . The parameters LY and t1/2 
can be measured directly from experimen- 
tal data and are reported in Table 2. The 
confidence limits on these measurements 
are 95%. The remaining two parameters are 
the rate coefficient for termination, kt , and 
the ratio of the surface coverage of mono- 
mer building block to that of the methane 



CO HYDROGENATION OVER Ru/TiOz 477 

TABLE 2 

Modeling Parameters 

ar = 0.69 rfr 0.04 
f,n = 4.9 f 0.5 s 
r&3, = 0.0124 s-l from NMR data 
r,/&, = 0.0123 s-I from TPSR data 

precursor, f&l&. For each model, a rela- 
tionship can be derived between k, and f3& 
(see Appendix). Plots of kt vs t&J& for each 
model are shown in Fig. 11. Since the mea- 
sured parameters are not known exactly, 
each model defines an area instead of a sin- 
gle line. Model I is limited to the ordinate, 
since all of the C, is considered the precur- 
sor to methane. For Model III, kt is not a 
function of &,bl& since the two pools are not 
coupled in the model. 

The steady-state experimental data can 
be represented as a plot of kt versus &/& in 
the following manner. The rate coefficient 
for methanation, kt , is defined as the rate of 
methanation, rl , divided by the coverage of 
methane precursor, 8, : 

k,=;+[, +!%I (1) 
OL 

Since only 8,) the total coverage by C, , can 
be determined experimentally and not &, 

Eq. 1 is rearranged so that kt is expressed in 
terms of rl lt& and &/& . To plot kt versus &J 
8r requires knowledge of r,/8,. This ratio 
was determined from two separate experi- 
ments differing only in the reactor space 
velocity. In one of the experiments, 8, was 
determined by integration of the broad 
NMR peak centered at 346 ppm, while in 
the other, 0, was determined from the inte- 
gral of the TPSR peak centered at 388 K, 
under the assumption of a symmetric peak 
shape. As seen in Table 2, the values of rll 
0, calculated in both cases are nearly equiv- 
alent. 

Figure 11 shows the plot of kt versus tlt,/& 
obtained from Eq. 1. For any of the models 
to be consistent with the experimental 
results, the area defined by a given model 
must overlap the line defined by the steady- 
state data. Figure 11 shows that Model II is 
inconsistent with the experimental data 
over the entire range of 8&. Model I and 
Model III are both consistent with the ex- 
perimental data. From the intersection of 
Model III and the line representing the ex- 
perimental data, a range of 2.0 to 3.5 is pre- 
dicted for &b/t&. 

A more rigorous test of the models is the 
extent to which they reproduce the tran- 
sient response data shown in Fig. 4. The 
rate of labeled methane, t-l* as a function of 

FIG. 11. Comparison of model predictions with steady-state experimental data. 

0. I 5 --Experimental Data 
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FIG. 12. Comparison of model predictions of labeled methanation rate observed as a function of 0, 

Model III 

Model I 
- T 0.16- 
2 

0 0.12 - 
X 

0 Experimental Doto 

I I I I I I I I I I I I 
0 0.04 0.08 0.12 0. I6 0.20 0.24 

9; 

measured based on data presented in Fig. 4. 

&* is plotted in Fig. 12. The coverage of 
i3Ca is determined by assuming a symmetric 
peak centered at 388 K. Model II is unable 
to predict the experimental data for any 
reasonable set of parameter values and is 
not shown in Fig. 12. Model I does not rep- 
resent the data points accurately. By con- 
trast, Model 111 provides an excellent fit to 
the experimental data. The fitted parameter 
values of kt = 0.044 s-i and &,/& = 3.9 are 
in good agreement with the value of kt = 
0.044 s-r calculated from c112 and the range 
of &,/f& calculated from the steady-state 
data. The average lifetime on the surface of 
the methane precursor, rl, and the mono- 
mer carbon building block, rb, are esti- 
mated to be 7 s and 12.4 s, respectively. For 
CY = 0.69, the surface coverage of alkyl in- 
termediates is about twice the coverage of 
8i (see Appendix, Eq. A7). Using the val- 
ues of 8, = 0.25 and O&J, = 3.9, the surface 
coverage of alkyl intermediates is estimated 
to be 0.1. 

The values of 0, , r1 , rb , and the coverage 
of alkyl intermediates estimated above can 
be compared with estimates of these or sim- 
ilar quantities reported by Biloen and co- 
workers (8, 9) and Mims et al. (12, 13) for 

For T = 483 K. Pus = 2.55 atm. 

and Pco = 0.45 atm, Biloen et al. (8) esti- 
mated that 0, = 0.13-0.14. This value of 0, 
is roughly twice that found in this study, 8, 
= 0.05, possibly because of the higher Hl/ 
CO ratio and total pressure used by Biloen 
et al. (8). In studies by Zhang and Biloen 
(9) conducted at T = 483 K, PHz = 0.75 atm, 
PC0 = 0.25 atm, r1 and rb were estimated to 
be less than 0.5 and 1.5 s, respectively. 
While the present results show that rb > rl, 
both time constants are roughly tenfold 
higher than those reported by Zhang and 
Biloen (9). At least a part of this difference 
might be due to the lower temperature (463 
K) at which the present studies were con- 
ducted. The surface coverage by growing 
hydrocarbon chains was estimated by Mims 
et al. (12, 13) to be under 0.01 for the reac- 
tion conditions of T = 455 K, PH2 = 0.5 atm, 
and PC0 = 0.5 atm. This is a factor of 10 
smaller than the estimate obtained in the 
present study. Since the reaction condi- 
tions and the method of estimating the sur- 
face coverage of growing chains used by 
Mims et al. (12, 13) were significantly dif- 
ferent from those used in this study, no 
clearcut explanation can be given for the 
differences between the two estimates. 

The agreement of Model III with the ex- 
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perimental data still leaves the question of 
the nature of the building blocks for chain 
growth and the manner in which these spe- 
cies are distinguishable from the precursors 
for chain growth. As shown in Fig. 3, NMR 
spectroscopy provides evidence for only 
one pool of carbidic carbon. This suggests 
that the species composing the pools repre- 
sented by 13~ and &, are similar. Further 
speculation about the identity of the species 
in the two pools or the nature of the sites on 
which each species occurs cannot be made 
until additional information is available. 

As already noted, the present results for 
Ru/TiOz show many similarities to those 
presented earlier by Winslow and Bell (2, 
6) for Ru/SiOz. Both catalysts show the 
build up of C, and Cp with time under reac- 
tion conditions and the NMR spectra of the 
species show no dependence on the nature 
of the support. The principal differences 
between Ru/TiO;! and Ru/SiO;? are in activ- 
ity and level of carbon accumulation. For a 
fixed set of conditions (463 K, PD, = 150 
Torr, and PCO = 50 Torr), the turnover fre- 
quency for Ru/TiOz is 4.0 X 1O-3 s-I, 
whereas that for Ru/SiOz is 8.1 X 10e4 s-r 
(2). A part of the fivefold higher activity of 
Ru/TiOz can be ascribed to its lower disper- 
sion: DsU = 0.12 for Ru/TiO-? and Da” = 
0.27 for Ru/SiOz . If the activity of Ru/SiOz 
is adjusted to correspond to Da” = 0.12 us- 
ing the data of Kellner and Bell (30), the 
turnover frequency would be 1.6 x 10e3 
s-r. In addition to exhibiting a higher activ- 
ity, Ru/Ti02 also exhibits a higher accumu- 
lation of C,. For the reaction conditions in- 
dicated above, (3, = 0.25 for Ru/TiOz and 8, 
= 0.01 for Ru/SiOz, at steady state. 

The higher activity and C, coverage of 
Ru/TiOz relative to Ru/SiOz can be ascribed 
to the effects of support composition (23). 
Previous studies with Rh (31, 32), have 
shown that even under low-temperature-re- 
duction conditions, TiO*-supported Rh is 
significantly more active than Rh dispersed 
on other supports. While not proven defini- 
tively, the higher activity of Rh/TiOz has 
been attributed to the presence of small is- 

lands of TiO, on the surface of the dis- 
persed metal particles. Studies in this labo- 
ratory with TiO;?-promoted Rh foil and 
Pd/Si02 (33, 34) have shown that even 
small amounts of TiO, enhance the CO hy- 
drogenation activity of the metal and pro- 
mote the dissociation of adsorbed CO to 
carbon and oxygen. It is, therefore, quite 
plausible that similar effects are responsible 
for the differences between Ru/Ti02 and 
Ru/SiO;! . 

CONCLUSIONS 

The results of this investigation show 
that under reaction conditions, the surface 
of titania-supported Ru is covered by car- 
bon monoxide, carbidic carbon, and alkyl 
chains. The CO, in equilibrium with the gas 
phase, dominates the surface. The carbidic 
carbon, which covers about 25% of the sur- 
face, is divided into two separate species, a 
methane precursor (20%) and a monomer 
building block for chain growth (80%). Both 
the methane precursor and the monomer 
building block are formed directly from ad- 
sorbed CO. The majority of the alkyl chains 
present on the catalyst are not reaction in- 
termediates and accumulate on the support 
as the reaction proceeds. An estimated 10% 
of the surface is covered by alkyl chains 
which are the precursors to Cz+ hydrocar- 
bon products. 

APPENDIX 

The assumptions and derivations of the 
equations used to generate Figs. 11 and 12 
are presented below. The following as- 
sumptions are made. Carbon monoxide is 
assumed to be in equilibrium with the gas 
phase. The turnover number for formation 
of hydrocarbon chains of length IZ, r,, can 
be expressed as 

r, = &A,, (Al) 

where 8, is the fractional coverage of the 
Ru surface by alkyl groups of chain length n 
and kt is the rate coefficient for chain termi- 
nation. It is further assumed that the rate of 
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chain propagation of alkyl groups of length 
n can be written as 

rp = kpob&, W) 

where kp is the rate coefficient for chain 
propagation and & is the fractional cover- 
age of the Ru surface by the monomer car- 
bon building block for chain growth. The 
rate coefficients for chain propagation, k,, 
and chain termination, kt, are assumed to 
be independent of chain length. The proba- 
bility of chain growth, CY, is then expressed 
as 

where r&d = r: (t-, a). For Model II, the 
reaction pathway for methane passes 
through two pools of monomer carbon, & 
and 8,) which are connected in series. The 
response is equivalent to that of two CSTRs 
connected in Series, with time constants 7b 
and rl. For Model II, rr can be written as 

a = (kpOb)/(kt + kp&,). (A3) 

Each carbon pool, 8,, is assumed to be in- 
ternally homogeneous, i.e., characterized 
only by the lifetime of that species on the 
catalyst surface, 7,. 

+ 71 ----e -r/r, 
Tb - 71 

1. (A9) 

The rate at which CO reacts, rco, is equal 
to the rate at which hydrocarbons are pro- 
duced: 

i-co = nr,. c 
ll=I 

(AlO) 

The following relationships can easily be 
derived from the assumptions given above: 

rco can be expressed in terms of kt and (Y by 
combining Eqs. (Al), (A4), (A6), and 

8, = cF’l3, (A4) (AlO): 

2 cl?-’ = l I-ff (A3 

c 1 
mP-’ = [l _ 42 646) II=1 

0, = l-a m -yx f%. (A7) 
n=2 

For each model, the labeled methanation 
rate, rT , is calculated as a function of time 
after a switch made from unlabeled t2C0 
and D2 to labeled 13C0 and D2. The isotopic 
switch is modeled as a step function change 
in the isotopic composition of the adsorbed 
CO. For Models I and III, the reaction 
pathway for methane formation passes 
through only one monomer carbon pool. 
The response of a single carbon pool is 
equivalent to the response of a CSTR, i.e., 
a simple exponential increase in the amount 
of labeled carbon, 07, with a time constant, 
TV. The labeled rate of methanation, r? can 
be expressed as 

rT = rta,[ 1 - e-‘/71], w3) 

rco = k&/(1 - CU)~. (Al 1) 

For each model, the time constants 71 
and rb are expressed in terms of the model 
parameters, (Y, kt , and &/&. For Model I, 
all the CO which reacts must pass through 
the monomer carbon pool. Thus the flux of 
carbon atoms through the monomer carbon 
pool, &/~r, is equal to the rate at which CO 
reacts given in Eq. (Al 1). Hence 

0,/q = k&/(1 - a)2. 6412) 

Solving for 71 yields 

,rl = (1 - a)2/kt. (A13) 

For Models II and III, the flux of carbon 
atoms through 01 is equal to the rate of con- 
version of 8, to methane plus the rate at 
which 81 initiates the growing chains. The 
flux through the methane precursor pool, 
&/TI, can be written as 

t&h, = kte, + k$& . (A14) 

Solving for 71 using Eqs. (A3) and (A14) 
results in Eq. (AU). 

~1 + (1 - a)lkt. (A13 
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For Model II, all the CO which reacts 
must pass through pool &, . Thus, the flux of 
carbon atoms, &,/rb , is equal to i-co. Solving 
for ‘& results in 

‘& = (&/e,)( 1 - (r)*/kt . (f4W 

For Model III, all the CO which reacts 
must pass through either pool 8, or pool 0s. 
This implies that 

&hl + &h-b = rCo. (Al71 

Using Eqs. (All), (AU), and (A17), 7b can 
be expressed as 

The rate coefficient for termination, kl , 
can be expressed as a function of 6b/& using 
Eqs. (A13), (A15), and (A16) with the rate 
expressions for r? (Eqs. (A8) and (A9)) and 
the definition of the half-life, rf(f& = 0.5. 
The results of this calculation are presented 
in Fig. 11. 

For each model the rate of labeled metha- 
nation, rT, as a function of O,* is deter- 
mined. For Model I, all of the C, serves as 
a methane precursor. This implies that 

r: = k&T = k&. (Al91 

Since only the total coverage of labeled 
monomer carbon, 02, is known as a func- 
tion of time, the amount of labeled methane 
precursor, 07, must be calculated for 
Models II and III. The magnitude of 0: is 
given by 

0:: = e:/[l + eb*/e:1. G420) 

The isotopic fraction of & varies as a simple 
exponential with time constant Tb: 

e,* = &,[I - e-““I. 6421) 

The isotopic composition of the methane 
precursor as a function of time has already 
been solved in Eq. (AS) for Model III and 
Eq. (AS) for Model II. For Model II, by 
combining Eqs. AI, A9, A20, and A21, r: 
can be written as 

1 + 

&,[l - e-I’%] 

01 [l - Le -f/n? + 71 ~ e-‘l7l 
7b - 71 71, - *I 

(A22) 

For Model III, using Eqs. (Al), (AS), 
(A20), and (A22), rf can be expressed as 

r? + k& /[ 1 + 8b[l - e-“%I 
0, [l _ e-‘/r,] * (A23) I 

Figure 12 presents the labeled methanation 
rate, r:, as a function of 0,* measured at 
different times after a switch from ‘*CO/D2 
to 13COQ (see Fig. 4). The three models 
are fit to the experimental points using Eqs. 
(A19), (A22), and (A23) by varying the val- 
ues of k, and &,&. The expressions for 7b 
and 7l used to fit the data are given by Eqs. 
(A13), (A15), (A16), and (A18). 
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