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Isotopic tracer studies have been conducted to determine the coverages of adsorbed CO, carbon, 
and hydrogen on the surfaces of unsupported Ru, Rh, and Ni powders during CO hydrogenation. 
Two forms of hydrogen are observed on each catalyst at 298 K: a low-energy form which is in 
equilibrium with the gas phase and is rapidly displaced from the surface by CO adsorption and a 
high-energy form which is not in equilibrium with the gas phase and is not displaced by CO 
adsorption. The low-energy form is ascribed to hydrogen adsorbed on the exterior surfaces of the 
metal powder. It is proposed that the high-energy form may be hydrogen which has migrated along 
crystal grain boundaries into the interior of the metal powder. Adsorbed carbon and CO are also 
observed on each catalyst. It is demonstrated that high methanation activity correlates with the 
surface coverage of active carbon but not with the coverage of adsorbed hydrogen. 8 198s Academic 

Press, Inc. 

INTRODUCTION 

Isotopic tracer and transient response 
techniques have been used effectively to 
characterize the surface coverages of car- 
bon and CO present on Fe, Ni, Ru, and Rh 
catalysts during CO disproportionation (I- 
3) and CO hydrogenation (2, 4-9). These 
studies have revealed that multiple forms of 
carbon can coexist in the presence of ad- 
sorbed CO. Nascent carbon formed by the 
disproportionation of CO is very active. 
This carbon is readily converted to meth- 
ane with Hz (I) as welI as methane and 
other hydrocarbons in the presence of HZ 
and CO (2, 3). 

The dynamics of incorporation of i3C-la- 
beled carbon into hydrocarbon products 
upon switching from a feed mixture con- 
taining HZ and ‘*CO to one containing H2 
and “CO yields information on the quantity 
and activity of adsorbed carbon species (2, 
4-6). Additional information is obtained by 
observing the transient formation of hydro- 
carbons during the reaction of the adsorbed 
carbon-containing species with hydrogen 

(4-9). The resulting transients indicate the 
quantities of different carbon species 
present. Recent studies carried out with 
RuBi and Ru powder have demonstrated 
that methane and C2 hydrocarbons are 
formed from highly active carbon species 
and that the rate of methane formation is 
directly proportional to the surface concen- 
tration of active carbon (5, 6). Transient re- 
sponse studies have also shown that a “less 
active” carbon accumulates on the catalyst 
during CO hydrogenation (5, 7-10). In 
some studies, isotopic tracer and transient 
response techniques have been comple- 
mented by the use of Mossbauer (9) and i3C 
NMR (II) spectroscopy. 

Much less is known about the forms and 
concentrations of adsorbed hydrogen 
present during CO hydrogenation. At- 
tempts to measure the amount of hydrogen 
adsorbed on Fe/A1203 via Hz-D2 exchange 
have been unsuccessful due to interference 
from hydroxyl groups on the support (8). 
The amount of hydrogen associated with 
adsorbed carbon could be determined, 
though, by oxygen titration. A stoichiome- 
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try of CH0.r7 was obtained by this means 
(8). 

The adsorption of HZ in the presence of 
CO at temperatures below which reaction 
occurs has been investigated. Coadsorption 
of Hz and CO on a supported Ni catalyst 
enhances the amount of H2 adsorbed over 
that occurring is the absence of CO (12). At 
348 K the stoichiometry is H,: CO,: 
CO*: Ni, = 2: 1: 1. Similar stoichiometric 
ratios were observed for HZ and CO coad- 
sorption on Ru powder (23). Enhancement 
of H2 adsorption by CO coadsorption was 
also noted on Rh and Ir powders, but a sim- 
ilar effect was not observed on Pt. The en- 
hanced adsorption of H2 was attributed to 
the formation of enolic complexes, though 
no spectroscopic evidence was presented 
to confirm these structures. 

Recently, HZ-D2 isotope tracing has been 
successfully applied to characterize the ad- 
sorption of Hz in the presence of CO on 
unsupported Ru powder (6). Two forms of 
adsorbed hydrogen were observed. One 
form is atomically adsorbed on the metal 
surface. Surprisingly, about 0.8 monolayer 
equivalents of this species was observed in 
the presence of nearly a monolayer of CO. 
This is twice as much as has been estimated 
to be present on the surface of a Ru/SiOz 
catalyst (14). The second form of hydrogen 
on Ru powder accumulates with increasing 
length of CO hydrogenation (6). This form 
of hydrogen is associated with the “less ac- 
tive” form of carbon, such that the H/C 
ratio is about 2. 

In this paper we present additional 
results for Ru powder and new data con- 
cerning the surface concentrations of ad- 
sorbed hydrogen, carbon monoxide, and 
carbon on Rh and Ni powders. The rela- 
tionship of these measurements to the ki- 
netics of CO hydrogenation is discussed. 

EXPERIMENTAL 

Experiments were carried out with a 
small glass reactor heated in a fluidized 
sand bath. Gas for the reactor was supplied 

from a manifold made up of two equivalent 
branches. The two branches connect to a 
low dead-volume valve which is used to se- 
lect the feed stream delivered to the reac- 
tor. The reaction products were analyzed 
on line with a mass spectrometer connected 
to a microcomputer-based data acquisition 
system. Further details concerning the ex- 
perimental apparatus are given in Refs. (4, 
3. 

Three metal powders were studied, ru- 
thenium, rhodium, and nickel. The ruthe- 
nium powder (99.9%) was purchased from 
MacKay A.D., Inc., the rhodium (99.99%) 
from Aldrich, and the nickel (99.999%) 
from Alfa Chemicals. 

The amount of each catalyst used for re- 
action studies was limited from 50 to 200 
mg to minimize the pressure drop across 
the reactor. However, because of the small 
weight of catalyst, it was impossible to de- 
termine surface areas from volumetric che- 
misorption measurements. As a result, the 
surface area of each sample was measured 
in situ by Dz/Hz displacement. A reduced 
sample was exposed to flowing D2 at 298 K 
for 300 s and then flushed with Ar for 300 s 
to desorb physically adsorbed species. The 
sample was exposed next to flowing Hz at 
298 K to displace adsorbed deuterium in the 
form of HD or D2. This step displaced only 
a portion of the originally chemisorbed deu- 
terium. Additional adsorbed deuterium was 
displaced by ramping the temperature to 
523 K, resulting in the formation of addi- 
tional HD. The total amount of deuterium 
detected as HD or D2 in this sequence was 
used to estimate the total number of surface 
metal atoms in the sample assuming an ad- 
sorption stoichiometry of D, : M, = 1 : 1 
(15, 26). Metal powder dispersions and sur- 
face areas are given in Table 1. It is evident 
that all of the catalysts have extremely low 
dispersions. 

HZ, Dz, Ar, and 12C0 were purified using 
techniques described in Ref. (5). r3C0 
(83%--‘3C160, 17%--‘3C180) was obtained 
from Liquid Carbonic and used without fur- 
ther purification. 
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TABLE 1 1 I 1 I I 

Dispersions and Surface Areas of Ru, Rh, 
and Ni Powders T = 299 -523K 

hi2 = 150 tom 

PI42 = 75 torr 

Gas Delivery Sequence 

D2 I9008 29GK 
Ar 15s ” 

Hz 300s l 

“2 120s 298 
to 523K 

Metal Dispersion” 
(%) 

Surface areaa 
Wk) 

Ru 0.17 0.62 

Rh 0.12 0.54 

Ni 0.016 0.11 

0 Based on HrD2 displacement at 298 K. Samples 
flushed for 300 s in Ar to remove physisorbed species. 

RESULTS 

Adsorbed Hydrogen Species 

Experiments were initiated by reducing 
the catalyst in D2 for several hours at 523 
K. The catalyst was then cooled to the de- 
sired temperature and allowed to reach 
equilibrium with the applied DZ partial pres- 
sure for 1800 s. After flushing the reactor 
for 15 s with At-, a stream of H2 was intro- 
duced, resulting in the displacement of ad- 
sorbed deuterium in the form of HD or D2. 
Figure 1 shows the HD displacement tran- 
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FIG. 1. Transient responses for weakly adsorbed 
deuterium. Ttis = 298 K. 

0 40 90 I 10 

Length of Exposure to H2 While Heoting,t(s) 

FIG. 2. Transient responses for weakly adsorbed 
deuterium observed while ramping the catalyst tem- 
perature from 298 to 523 K. 

sients for Ru, Rh, and Ni, measured at 298 
K. The absisca in this, and subsequent fig- 
ures, is expressed as the moles of HD 
formed per second divided by the moles of 
surface metal atoms, the latter quantity be- 
ing determined by the mass of metal pow- 
der used and its dispersion. D2 transients 
similar to the HD transients were also ob- 
served; however, they were smaller due to 
the high Hz partial pressure. The shapes of 
the HD transient for each metal are similar, 
showing a single narrow peak with a width 
at half height of about 1 s. 

ferences in peak position due to the impre- 

Following 300 s of exchange with HZ at 
298 K, the temperature was ramped to 523 
K in approximately 120 s by submerging the 
reactor in a preheated sand bath. During 
this time, additional deuterium was dis- 
placed as HD, as shown in Fig. 2, but no Q 
was observed. The HD transients for each 
metal consist of a single broad peak. Physi- 
cal significance cannot be attributed to dif- 
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TABLE 2 

Deuterium Coverages at 298 K Measured in the 
Presence and Absence of Coadsorbed CO 

Metal CO absent CO present 

ebT eET 6% ebT eET e’, 

RU 0.71 0.41 1.12 0.06 0.23 0.29 
Rh 0.68 0.53 1.20 0.0 0.54 0.54 
Ni 0.98 0.64 1.62 0.04 0.57 0.61 

Note. T&sorption = 298 K. 

cision of the temperature ramping and 
monitoring arrangement. 

By integrating the transients shown in 
Figs. 1 and 2, one can determine the 
amount of deuterium adsorbed in low-en- 
ergy states exchangeable at 298 K, desig- 
nated as @=jT, and that adsorbed in higher- 
energy states exchangeable at elevated 
temperatures, designated as 0,“‘. Values of 
ebT, e’dT and the total deuterium coverage, 
designaied as f3’, are given in Table 2. The 
ratio &,‘/@’ is about 1.5 for each of the 
metal powders studied. The total coverage 
by both forms of adsorbed deuterium ex- 
ceeds unity and increases in the order Ru < 
Rh < Ni. 

The length of time a sample was flushed 
in Ar strongly affected the distribution of 
the two forms of adsorbed deuterium. To 
establish this, deuterium was adsorbed on a 
clean sample at 298 K, then flushed with Ar 

TABLE 3 

Effects of Ar Flushing Duration on the Surface 
Coverage of Adsorbed Deuterium 

Metal 15 s Ar 300sAr 

ebT eiT 0: ebT eB & 

Ru 0.71 0.41 1.12 0.56 0.44 1.00 
Rh 0.68 0.53 1.20 0.34 0.66 1.00 
Ni 0.98 0.64 1.62 0.49 0.51 1.00 

Note. TdJOrPtba = 298 K. 
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FIG. 3. Steady-state isotopic scrambling of Hz and 
Dz at 298 K. 

for either 15 or 300 s. The adsorbed deute- 
rium was then displaced with H2 at 298 K to 
determine ekT;‘, then the temperature was 
ramped to 523 K to determine 0;‘. The dis- 
tribution of ekT and OFT for each metal is 
summarized as a function of the length of 
Ar flushing in Table 3. For Ru and Ni pow- 
der, the value of ebT declines substantially, 
while @’ falls only moderately, with in- 
creasing Ar flushing. Rh exhibits a different 
behavior; though &jT and 0: decrease, 0:’ 
actually increases by 25%. Clearly, a con- 
version of the low-energy form to the high- 
energy form has occurred on the Rh pow- 
der during the flushing with Ar at 298 K. 

Figure 3 illustrates the results of an ex- 
periment in which a ruthenium sample pre- 
viously treated with Dz for 1800 s at 298 K, 
was switched to a 50 : 50 mixture of H2 : DZ. 
Scrambling of the H2 : D2 mixture resulted 
in HD formation within 93% of equilibrium. 
After 30 s, the reactor was flushed with Ar 
for 15 s, then the surface was exchanged 
with HZ. The resulting HD transient is 
shown in Fig. 4. For comparison, the HD 
transient which results from an identical se- 
quence, but not including exposure to the 
Hz : Dz mixture, is also shown in Fig. 4. The 
value of f3bT is reduced in half by exposure 
to the Hz : DZ mixture. Upon ramping the 
catalyst temperature to 523 K, the high-en- 
ergy form of deuterium is displaced, pro- 
ducing the HD transient shown in Fig. 5. 
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008 Delivery Soqurncer 

(a) (b) 

1600s D2 1600s D2 
D;.H2 30s Ar 15s 
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Length of Exposure to Hp. t(s) Length of Exposure to H2 While Heaiinq.t(s) 

FIG. 4. Effect of catalyst exposure to a Hz-D2 mix- 
ture at 298 K on the transient responses for weakly 
adsorbed deuterium. (a) Following 30-s exposure to 
50 : 50 Hz-D* mixture. (b) Following exposure to D2. 

FIG. 5. Effect of catalyst exposure to a Hz-D2 mix- 
ture at 298 K on the transient responses for strongly 
adsorbed deuterium. (a) Following 30-s exposure to 
50 : 50 Dr-H2 mixture. (b) Following exposure to Dr. 

The high-temperature HD transient which 
results from a sequence not including expo- 
sure to the 50 : 50 HZ : DZ mixture is also 
shown in Fig. 5. Both transients are of 
equivalent magnitude indicating that the 
high-energy form of adsorbed deuterium is 
not in equilibrium with the gas phase. 

The presence of adsorbed CO has a sig- 
nificant influence on the amount of ad- 
sorbed deuterium and its exchange with the 
gas phase. The HD transient shown in Fig. 
6 is obtained when a catalyst saturated with 
DZ is exposed to a mixture of D2 and CO for 
300 s at 298 K, flushed with Ar for 15 s, then 
exposed to HZ. Very little deuterium is ex- 
changed off the surface at 298 K in the pres- 
ence of adsorbed CO, as can be seen by 
comparing Fig. 6 with Fig. 1. When the 
temperature is ramped to 523 K, HD is gen- 
erated as shown in Fig. 7. The amounts of 
adsorbed deuterium present in low- and 
high-energy forms, with and without the 
presence of adsorbed CO are compared in 
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FIG. 6. Transient responses for weakly adsorbed 
deuterium following coadsorption of D2 and CO at 298 
K. 
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I I I 

T* 29B-523K 

PII2 = I50 torr 

Pn2 = 75 tom 

PCD = SOlOU 

Gas Delivery Sequence 

Z.CO 

leoos 298 K 
300s l 

Ar 15s ” 

b 300s . 

0.01 HP 120s 298 
to 523K 

t I 

40 80 I 

Length of Exposure to Hp While Heoting.t(s) 

FIG. 7. Transient responses for strongly adsorbed 
deuterium following coadsorption of Dz and CO at 298 
K. 

Table 2. Most of the weakly adsorbed 
deuterium is displaced by CO, while the 
strongly held form is essentially unaffected. 

The presence of adsorbed CO completely 
inhibits isotopic scrambling of H2 and D2 at 
298 K. This can be seen in Fig. 8, which 
illustrates the results of an experiment in 
which a ruthenium sample previously 
treated with Dz and CO for 300 s is switched 
to a mixture of DZ, HZ, and CO. No Hz-D2 
scrambling is observed. After 30 s, the reac- 
tor is flushed with Ar for 15 s, then the sur- 
face is exchanged with HZ. The resulting 
transient is shown in Fig. 9. For compari- 
son, the HD transient which results from an 
identical sequence, but excluding exposure 
to the Hz : D2 : CO mixture is also shown in 
Fig. 9. Both transients are identical indicat- 
ing that adsorbed CO inhibits exchange of 
the small amount of weakly adsorbed deu- 
terium with H2 and D2 in the gas phase. 
Upon ramping the catalyst temperature to 
523 K, the high-energy form of deuterium is 
displaced, producing the HD transient 
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Ru Pordu 

,f”; - - 

P 5- I ! T 

z I I 
OO ---7- -- I 
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B .,_ c , D 
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FIG. 8. Steady-state isotopic scrambling of Hz and 
Dz in the presence of CO at 298 K. 

shown in Fig. 10. The high-energy HD tran- 
sient which results from a sequence not in- 
cluding exposure to the H2 : D2 : CO mix- 
ture exposure is shown in Fig. 10. The 
similarity of the two transients indicates 
that the amount of the high-energy form of 
adsorbed deuterium is unaffected by the ex- 
posure to the H2 : D2 : CO mixture. 
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(0) (b) 
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D2=.H2,CO 30s Ar 15s 

, 0.01 Ar 15s H2 300s 
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L t I t I 
0 20 40 1 
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FIG. 9. Effect of catalyst exposure to an 
Hz: Dz : CO mixture on the transient responses for 
weakly adsorbed deuterium. (a) Following 30-s expo- 
sure to 50 : 50 Dz : HZ with CO. (b) Following exposure 
to D2 and CO. 
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FIG. 10. Effect of catalyst exposure to an 
Hz: Dz : CO mixture on the transient responses for 
strongly adsorbed deuterium. (a) Following 30-s expo- 
sure to 50 : 50 D2 : Hz with CO. (b) Following exposure 
to Dr and CO. 

T = 548K 
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PH. = 75 tow 
0.10 

60s Delivery Sequence 
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J\ RU 

I I 1 I I 
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Ni 

Length of Exposure lo Hz, t(s) 

FIG. 11. Transient responses for adsorbed deute- The surface concentration of adsorbed 
rium. Tads = 523 K. CO was measured by isotopic displacement 

TABLE 4 

Deuterium Coverages at 523 K Measured in the 
Presence and Absence of &adsorbed CO 

Metal CO absent 

4 

Ru 0.53 
Rh 1.01 
Ni 0.24 

Note. Tw = 523 K. 

CO present 

e’, 

0.19 
0.69 
0.16 

The influence of temperature on the sur- 
face concentration of deuterium was also 
studied. When a sample at 523 K is exposed 
to D2 for 1800 s, flushed with Ar for 15 s, 
then exposed to HZ, the HD transients in 
Fig. 11 are observed. At 523 K the transient 
cannot be decomposed into two compo- 
nents. The quantity of deuterium displaced 
from the surface of each catalyst is given in 
Table 4. Comparison of the data in Tables 2 
and 4 indicates that the adsorption of deute- 
rium at 523 K is significantly lower than at 
298 K. The extent of the decrease changes 
in the order Ni > Ru > Rh. 

The adsorption of deuterium at 523 K is 
further suppressed by the presence of CO, 
as demonstrated by the results summarized 
in Table 4. The inhibition of deuterium ad- 
sorption by CO at 523 K decreases in the 
order Ru > Ni > Rh. Comparison of Tables 
2 and 4 reveals that the effects of increasing 
temperature on deuterium chemisorption in 
the presence of CO is not the same on all 
three metals. For Ru and Ni, & is smaller 
at 523 K than at 298 K, but for Rh, the 
reverse is true. 

Studies of Hz-D2 scrambling carried out 
at 523 K demonstrated that CO does not 
inhibit scrambling at this temperature. It 
was also established that all forms of ad- 
sorbed deuterium are in equilibrium with 
the gas-phase composition at 523 K. 

Adsorbed CO 
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D.IO 

I 1 I 

T = 298K 

PD2 = I501orr 

PC0 = 5otorr 

Gas Delivery Sequence 

D2 1000s 

D2 .13C0 30s 

Rh 

I I I 1 
20 40 60 

Length of Exposure to 12C0, t(s) b 

I I 

T = 523K 

Gos Delivery Sequence 

I 1 I 

20 40 

Length of Exposure lo 12C0, t(s) 

0 

FIG. 12. (a) Transient response for adsorbed 13C0. Tads = 298 K. (b) Transient response for adsorbed 
13C0. Tads = 523 K. 

using the following procedure. A freshly re- 
duced catalyst was exposed to a mixture of 
DZ and 13C0 at the desired temperature for 
30 s. The reactor was flushed with Ar for 15 
s, then a stream of 12C0 was introduced. 
The 13C0 displaced by the adsorbing 12C0 
resulted in a 13C0 transient. 

The 13C0 transients observed at 298 and 
523 K are shown in Figs. 12a and b. At 298 
K, 12C0 quantitatively displaces adsorbed 
13C0 from Ni and Ru, but only trace 
amounts from Rh (Fig. 12a). The 13C0 ad- 
sorbed on Rh at 298 K could be displaced 
when the temperature was ramped to 523 K 
in 12C0. Due to the long broad nature of the 
13C0 transient from Rh, no accurate esti- 
mate could be made of the CO : Rh, ratio at 
298 K. No additional 13C0 was displaced 
upon increasing the temperature of the Ni 
or Ru samples. 

When 13C0 was adsorbed at 523 K, the 
13C0 displacement transients in Fig. 12b 
were observed. The amounts of 13C0 dis- 
placed from each sample are summarized in 
Table 5. It is evident that the CO coverages 

for Ru measured at 298 and 523 K are com- 
parable. For Ni, though, the CO coverage 
at 523 K is significantly lower than at 298 K. 

Additional experiments were conducted 
to determine the influence of the presence 
or absence of adsorbed deuterium, and the 
length of exposure to 13C0 on the amount 
of adsorbed CO observed. Neither had a 
measurable effect on the CO coverage. 

Adsorbed Carbon Species 

The amounts and reactivities of adsorbed 
carbon species were determined using pro- 
cedures similar to those described in Refs. 

TABLE 5 

Coverages of Adsorbed CO at 298 and 523 K 

Metal @co@98 K) ko(523 K) 

RU 0.76 0.76 

Rh N.O.” 0.38 
Ni 0.74 0.44 

a Not observable because CO is displaced in a long 
broad transient at elevated temperatures. 



ADSORBED C, CO, AND H ON Ru, Ni, AND Rh 393 

I t 1 

1 - 523K 

PO, * lsotarr 

PC0 = 50 torr 

(0) 

Ni 

I I I 
100 t(r) 200 300 4 

D2 
DL 

D~,“CO 

D&%0 

b!b Arhl 
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FIG. 13. The rate of “CD4 formation during the fol- 
lowing sequences: (a) Dz + DZ, “CO (300 s) + D2, 
‘TO (30 s) + Ar. (b) DZ --)r D2, %O (300 s) + D2, “CO 
(30 s) -* Ar. 

(4-6). In brief, following reduction of the 
catalyst in DZ for 1800 s at the reaction tem- 
perature, a mixture of DZ and 13C0 is fed to 
the reactor. The rate of 13CD4 is then moni- 
tored until a quasisteady state is achieved. 
At the end of the reaction period, typically 
300 s, the catalyst surface contains t3C- 
labeled carbon and carbon monoxide. The 
adsorbed 13C0 is rapidly displaced by sub- 
stituting a mixture of DZ and 12C0 for the 
mixture of D2 and t3C0. During the time 
that 12C0 is present in the feed, the rate of 
t3CD4 formation decreases monotonically, 
due primarily to the consumption of 13C- 
labeled carbon. Since the logarithm of the 
rate of 13CD4 formation versus time plots as 
a straight line, the kinetics can be described 
by 

r13CD4 
d!!%c=-ke 

dt 13C’ (1) 

where k is the apparent first-order rate coef- 
ficient and 613~ is the surface coverage by 
active carbon. Integration of Eq. (1) gives 

013~ = G, exp(-kt), (2) 

where f13c is the initial coverage of active 
t3C carbon prior to the introduction of 

t2C0. From a fit of Eq. (2) to the experi- 
mental data, both k and g3c can be deter- 
mined. 

At the end of the period of exposure to 
the catalyst to D2 and 12C0, the reactor is 
flushed with Ar and then Dz is introduced to 
react off any residual 13C carbon and ad- 
sorbed 12C0. Integration of the transients 
produced during this period gives the quan- 
tity of residual carbon on the catalyst and 
the coverage by adsorbed CO (4-6). 

The rate of 13CD4 formation during the 
first 300 s of exposure to D2 and 13C0 are 
shown in Fig. 13 for Ru and Ni. The rate of 
methane formation over Rh was too small 
to measure accurately for the conditions in- 
dicated. The relative order of activities for 
the three catalysts (i.e., Ru > Ni %- Rh) is in 
agreement with previous observations (17). 
For Ru and Ni, the rates of formation of 
CO2 and C: hydrocarbons were always less 
than 10% of the methane formation rate. 

Following 300 s of reaction, the feed was 
switched from 4 and t3C0, to Da and t2C0. 
Since the adsorbed “CO is rapidly dis- 
placed by WO, the t3CD4 produced after 
the exchange of CO isotopes (see Fig. 13) is 
generated from the reduction of t3C-labeled 
carbon species (4-6). The transients ob- 
served when the order of introduction of 
CO isotopes is reversed are also shown in 
Fig. 13. An increase in 13CD4 formation is 
now observed following the substitution of 
r2C0 by 13C0 in the feed mixture, as 13C is 
incorporated into the carbon pool. The sur- 
face concentration of active carbon and the 
apparent first-order rate coefficient for r3C- 
carbon consumption were determined by 
fitting Eq. (2) to the experimental data. Val- 
ues of 0&, hereafter designated &, and k 
are given in Table 6. Due to the low activity 
of Rh, no estimate of 8c or k was possible 
for this catalyst. 

After 30 s of exchange, the reactor was 
flushed with Ar for 15 s, and the catalyst 
was then reduced in D2. The 13CD4 tran- 
sients shown in Fig. 14 were obtained dur- 
ing catalyst reduction. The transients ob- 
served following exchange with D2 and 
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TABLE 6 

Coverages of Carbon and Carbon Monoxide 
Measured under Reaction Conditions at 523 K 

Metal Via exchange Via reduction 

& k (s-l) fk eco 

RU -0.12 0.10 0.23 0.74 
Rh N.O.” N.O.” -0.01 N.O.” 
Ni -0.25 0.05 0.71* 0.37 

0 Not observable. 
* Active carbon -0.15. Inactive carbon -0.55. 

‘*CO are referred to as a 13CD4/C, transients 
since they result from reducing 13C-labeled 
carbonaceous species from the surface. 
There is no contribution due to the ad- 
sorbed CO since all the adsorbed 13C0 has 
been displaced from the surface by ‘*CO. 
The transients observed following ex- 
change with D2 and 13C0 are referred to as 
13CD4/C0, transients since they result pri- 
marily from reducing adsorbed CO from the 
surface. These transients also include a 
small contribution from r3C-labeled carbon 
species that are generated during the ex- 
change. A summary of the coverages calcu- 
lated from the r3CD4/C, and r3CD4/C0, tran- 
sients is given in Table 6 for each metal 
powder. 

The results for Ru agree favorably with 
those reported previously (6). Fitting the 
decline in the rate of methanation during 
exchange to first-order kinetics gives an es- 
timate of 0c = 0.12. The *3CD,&0, tran- 
sient yields an estimate of Bco = 0.74, in 
good agreement with the value of Bco = 
0.76 from CO isotope exchange results in 
Table 5. However, since the exchange went 
to near completion, the i3CD4/C0, transient 
includes a contribution of about 0.1 mono- 
layer equivaIents from adsorbed carbon. In- 
tegration of the i3CD4/C, transient gives & 
= 0.23. Since exchange has gone to near 
completion, this carbon must result from a 
surface residue similar to the C, reported in 
Refs. (5, 6). 

Only a small, slow i3CD4/C, transient, 

corresponding to a surface coverage of 
about 0.01 monolayer equivalents of ad- 
sorbed carbon, was observed on Rh. No 
r3CD&0, transient was observed indicat- 
ing that even in the presence of pure Hz, 
the CO adsorbed on Rh does not react at 
523 K. The low surface concentrations of 
adsorbed active carbon, and the lack of re- 
duction of adsorbed CO to methane con- 
tribute to the extremely low methanation 
activity of the Rh powder. 

For Ni powder, reduction gives an esti- 
mated f3co = 0.37. This is in good agree- 
ment with the value of 0.44 given in Table 
5, which is determined by isotopic displace- 
ment of CO at 523 K. The value of t?co de- 
termined via reduction, however, includes 
a contribution due to 13C incorporation dur- 
ing exchange of about 0.1 monolayer equiv- 
alents. Modeling the change in i3CD, forma- 
tion during steady-state CO exchange 
yielded an estimate of & = 0.25, however 
titration gives & = 0.71. This discrepancy 

I I I I 1 
T’523K 

Pe2 = I5Otorr PC0 = sotorr 

Oar Delivery Sequencer 

‘%D4/C, ‘eCD4/C0, -- 

t I 
20 40 

Length of Titrotion with Dg.t(s) 

FIG. 14. Transient responses observed during the 
reduction of the catalyst with D2 following the reaction 
conditions indicated in Fig. 13. 



ADSORBED C, CO, AND H ON Ru, Ni, AND Rh 395 

is due to the long tail in the r3CD4/C, tran- 
sient shown in Fig. 14. This tail results from 
reduction of an inactive carbon species. By 
subtracting out the tail of the transient, it is 
possible to estimate the amount of active 
carbon on the catalyst surfaces. This corre- 
sponds to about 0.15 monolayer equiva- 
lents, in reasonable agreement with the ex- 
change results. The amount of inactive 
carbide corresponds to a surface concentra- 
tion of about 0.55 monolayer equivalents. 

DISCUSSION 

Adsorbed Deuterium 

Experiments carried out in this study 
clearly demonstrate the presence of two 
forms of adsorbed hydrogen. The first is a 
low-energy form which at 298 K is in iso- 
topic equilibrium with the gas phase and is 
largely displaced by adsorbing CO. The 
second is a high-energy form which at 298 
K is not in isotopic equilibrium with the gas 
phase and is not displaced by adsorbing 
CO. To explain the origins of these two 
forms of adsorbed hydrogen, it is useful to 
review the available information concem- 
ing HZ adsorption on single-crystal sur- 
faces, polycrystalline powders, and sup- 
ported crystallites of Group VIII metals. 

Temperature-programmed desorption 
studies carried out with single-crystal sur- 
faces of Group VIII metals typically show a 
single desorption maximum for Hz (18-36). 
Moreover, investigations of smooth and 
stepped surfaces of Rb (32), Ni (32, 33), 
and Ru (24) have shown that the desorption 
behavior of Hz is fairly independent of sur- 
face topology. While EELS studies (37) 
have suggested that there may be two ad- 
sorption sites for HZ on Ru (OOl), the en- 
ergy difference between these two sites is 
smalI since substitution of Dz for HZ leads to 
complete displacement. It has also been 
found that CO adsorption on single crystal 
surfaces blocks the adsorption of Hz at tem- 
peratures above 300 K (18-23, 34-36). 

In contrast to the behavior of single-crys- 
tal surfaces, temperature-programmed de- 

sorption of HZ from polycrystalline pow- 
ders and supported crystallites of Group 
VIII metals often exhibit multiple desorp- 
tion peaks (38-45). In the case of H2 de- 
sorption from Rh/SiOz (44), analysis of the 
TPD spectra leads to estimates of the acti- 
vation energies for desorption of 14 and 21 
kcal/mol, but the nature of the two adsorp- 
tion sites is not identified. Only a very lim- 
ited amount of information is available 
about the interactions of adsorbed Hz with 
DZ or CO for polycrystalline samples. Hz- 
DZ exchange experiments conducted with 
Pt, Rh, and Ir filaments have shown that 
preadsorbed Hz is replaced by Dz from the 
gas phase, and that coadsorbed mixtures of 
Hz and Dz result in equilibrium isotopic 
mixing upon desorption (38, 46). Similar 
experiments are usually not performed with 
supported metals because of problems as- 
sociated with Hz-D2 exchange with the 
support. Complete displacement of H2 pre- 
adsorbed on PdlSiOz has been reported 
though (47). 

From the preceding discussion it is evi- 
dent that the low-energy form of adsorbed 
hydrogen observed here exhibits character- 
istics identical to those for Hz adsorbed on 
single-crystal surfaces. The high energy 
form is more difficult to interpret. While 
high-temperature states of adsorbed Hz are 
observed for Group VIII metal powders 
and supported crystallites, their origins re- 
main unexplained. One possibility is that 
they occur at defects or contamination 
sites. Another, and perhaps more plausible, 
explanation is that the high-energy forms of 
adsorbed Hz correspond to hydrogen which 
has migrated into the bulk of the larger 
powder particles by diffusion along crystal- 
lite grain boundaries. This interpretation 
would explain why the high-energy form 
does not undergo Hz-D2 exchange at 298 K 
or displacement by CO. The proposed in- 
terpretation is also consistent with the ob- 
servation of an increase in the coverage of 
H? during Ar purging at 298 K over Rh 
(see Table 3) and the more facile exchange 
between HkT and HFT at high temperature. 
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Finally, if only HFT is regarded as hydrogen 
adsorbed on the exterior surfaces of metal 
particles, then comparison of Tables 3 and 
5 demonstrates that the stoichiometry for 
surface adsorbed H and CO are in reason- 
able agreement. 

Adsorbed Carbon Monoxide 

Similarities were observed in the absorp- 
tion of CO on Ru and Ni powders. For both 
metals the saturation coverage at 298 K was 
approximately 0.75 (see Table 5) and com- 
plete isotopic exchange occurred at this 
temperature. The saturation coverage ob- 
served for Ru powder in the present study 
is less than that reported recently by 
Winslow and Bell (8co = 0.85-1.0) (6). On 
the other hand, the saturation coverage ob- 
served here for Ni powder is greater than 
that reported by Bartholomew and Pannell 
(&o = 0.55) (48). The discrepancies may be 
due to differences in the sources and puri- 
ties of the metal powders and the tech- 
niques used to define a monolayer. Thus, 
for example, if the coverage by HkT follow- 
ing a 15-s Ar purge is used to define mono- 
layer coverage, the CO coverage for Ru 
would be close to unity and that for Ni 
would be 0.45. 

The behavior of Rh with respect to CO 
chemisorption was significantly different 
from that of Ru and Ni. At 298 K, the ad- 
sorbed CO did not undergo isotopic dis- 
placement. Only by ramping the tempera- 
ture could the CO be displaced from the Rh 
surface. This behavior is suggestive of an 
activated CO exchange process. The rea- 
sons for the greater difficulty in isotopic 
substitution of CO adsorbed on Rh com- 
pared to Ru or Ni, is not apparent. While, 
as shown in Table 7, the activation energy 
for CO desorption from Rh single-crystal 
surfaces is higher than that for desorption 
from Ni surfaces, it is comparable to that 
for Ru surfaces. 

Adsorbed Carbon 

Adsorbed carbon was observed on each 
of the metal powders following the hydro- 

TABLE 7 

Activation Energies for CO Desorption from 
Single-Crystal Surfaces of Ru, Rh, and Ni 

Surface -5f 
(kcal/mol) 

Reference 

Ru(OO1) 28.2 (7) 
Ru(OO1) 30.0 (2.3 
Ru(l10) 29 (15) 

Rh(lW 30.5 (13) 
Rh(ll1) 31.6 (20) 
Rh(l10) 31.1 (21) 

Ni( 100) 27.1 (1.3 
Ni(100) 27.6 (10) 
Ni(lll) 26.4 (9) 
Ni(l11) 26 (19) 

0 Based on Redhead analysis (51) at saturation cov- 
erage for highest-energy desorption peak, assuming IQ 
= 10’3 s-1. 

genation of CO. On Rh powder, however, 
only traces of carbon could be reduced off 
the surface at 523 K. Solymosi ef al. (IO) 
observed carbon accumulations on various 
supported Rh catalysts. For Rh/SiOz the 
carbon accumulation after 60 min of reac- 
tion at 523 K was 0.11 monolayer equiva- 
lents. However, 90% of this carbon re- 
quired temperatures of 623 K and above to 
be removed. Rh/A1203 and Rh/TiOz were 
more active for methanation and accumu- 
lated larger quantities of carbon. Again, 
temperatures in excess of 623 K were re- 
quired to remove 85% of the carbon on Rh/ 
A&O3 and 96% of the carbon on Rh/TiOz. 
These studies suggest that the reduction of 
Rh powder at 523 K may have been insuffi- 
cient to remove all of the adsorbed carbon 
species. The results on Rh powder, how- 
ever, clearly show that active carbon spe- 
cies are present at very low surface cover- 
ages in comparison to the Ru and Ni 
powders. 

Considerable amounts of carbon accumu- 
late on the surfaces of Ni and Ru during 
methanation. Only a portion of the total 
carbon pool, though, is active carbon di- 
rectly involved in methanation. The 
amounts observed were about 0.12 mono- 
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layer equivalents for Ru and about 0.25 
monolayer equivalents for Ni. Previous 
studies on RuBi and Ru powder have 
demonstrated that the rate of methanation 
is directly proportional to the surface con- 
centration of this form of carbon (5, 6). 

Carbon deposits which are less active 
with respect to hydrogenation were also ob- 
served on Ru and Ni. On Ru, 0.23 mono- 
layer equivalents of such “less active” car- 
bon was observed at 523 K. This carbon 
form is similar to the “less active” carbon 
form reported in our earlier work on Ru 
powder, which was designated as CB (6). 
This C!, carbon form was present at 0.7 
monolayer equivalents at 443 to 463 K. It is 
possible that the reason for the lower sur- 
face concentration of adsorbed carbon on 
Ru at 523 K is its more rapid removal at this 
temperature than at lower temperatures. If 
this interpretation is correct, it would imply 
that the activation energy for hydrogena- 
tion of the “less active” carbon is greater 
than the activation energy for its formation. 
An alternative explanation is that at higher 
temperatures, a larger proportation of the 
carbon pool is converted to a form of car- 
bon which does not undergo hydrogenation 
at the reaction temperature. Indeed, NMR 
studies (1 I) have demonstrated that ex- 
tended low temperature reduction of used 
Ru/SiO:! methanation catalysts leaves a 
graphite-like carbon deposit remaining on 
the catalyst hours after reduction. 

Carbon deposits were also observed on 
Ni powder by reduction with deuterium. 
For Ni, however, the titration transient was 
deconvoluted into two portions. The initial 
sharp peak with surface concentration of 
about 0.15 monolayer equivalents is associ- 
ated, at least in part, with the active carbon 
observed during CO exchange. The active 
carbide is observable on Ni powder during 
titration since during the CO exchange the 
labeled methane rate only declined by 
about 60%, leaving behind part of the active 
carbon remaining on the surface to be re- 
moved during titration. This is to be com- 
pared with the results for Ru powder, 

where only the “less active” carbon was 
observable during reduction. Since the rate 
of formation of i3CD4 on Ru decreased by 
90% during CO exchange, very little of the 
active carbon is left on the surface to be 
removed during titration. An additional in- 
active carbon species is observed on Ni as 
exhibited by the long tailin the reduction 
transient shown in Fig. 13. 

The concentrations of adsorbed carbon 
species observed on Ni powder are in line 
with the range of 0.05 to 0.50 monolayer 
equivalents observed by Kelley and Seman- 
cik (49) on a Ni (100) surface at 625 K. 
More recently, Yang et al. (50) have mea- 
sured the surface accumulations of carbon 
on Ni catalysts, using techniques similar to 
those used in the present study. At 523 K, 
these authors reported 0c = 0.05 for Ni/SO* 
and 13, = 0.4 for Raney Ni. The apparent 
first-order rate coefficient for carbon con- 
sumption was 0.03 s-r at 513 K, which 
agrees closely with the value of 0.05 s-i at 
523 K reported here (see Table 6). 

It is apparent from the present study that 
methanation activity is closely related to 
the presence of active carbon species on 
the catalyst surface. On both Ni and Ru, 
significant coverages of active carbon were 
observable via isotope exchange and reduc- 
tion procedures. These catalysts were also 
active in methanation. Rh powder, in con- 
trast, was deficient in the presence of active 
carbon species, and was also inactive for 
methanation. In addition what little carbon 
was observed on Rh, reacted very slowly 
with hydrogen. The requirement of an ac- 
tive carbon species agrees with earlier work 
on Ru/SiO;? and Ru powder which demon- 
strated that the methanation activity is di- 
rectly proportional to the surface concen- 
tration of the most active surface carbon 
species, designated as C, (5, 6). 

The conversion of adsorbed carbon to 
methane requires the participation of ad- 
sorbed hydrogen (deuterium). The present 
investigation demonstrates that the surface 
concentration of adsorbed hydrogen is sig- 
nificant under reaction conditions and 
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hence the availability of this species does 
not appear to limit the rate of reaction. In 
this connection, it is significant that the val- 
ues of BD is la.rger for Rh than for either Ru 
or Ni. This observation further supports the 
contention that what limits the rate of meth- 
anation on Rh is the rate CO dissociation to 
form carbon and the intrinsically low reac- 
tivity of what carbon is formed. While it has 
been observed that the rate of methane for- 
mation is first order in the surface coverage 
of active carbon, the dependence on the 
coverage of hydrogen is not known and re- 
quires further study. 
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CONCLUSIONS 

Two forms of adsorbed hydrogen are ob- 
served on Ru, Rh, and Ni powders at 298 
K. The weakly adsorbed form is in equiiib- 
rium with the gas phase and is rapidly dis- 
placed by the adsorption of CO. The behav- 
ior of this form of adsorbed hydrogen is 
quite similar to that observed on clean 
metal surfaces. The strongly adsorbed form 
does not participate in HTDZ exchange at 
298 K nor is it displaced by CO at 298 K. 
This form of adsorbed hydrogen may be hy- 
drogen which has migrated into the interior 
of the metal particles by diffusion along 
crystal grain boundaries. Carbon and CO 
are also present on the catalyst surface dur- 
ing CO hydrogenation. Adsorbed 13C0 is 
rapidly displaced by ‘*CO at 298 and 523 K 
on Ru and Ni. For Rh, temperatures above 
298 K are required for isotopic displace- 
ment of adsorbed CO. Active carbon spe- 
cies are observable on the Ru and Ni pow- 
ders, but no on Rh. It is shown that high 
methanation activity correlates with sur- 
face coverage of active carbon and not with 
the coverage of adsorped hydrogen. 
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