
JOURNAL OF CATALYSIS 86, 158-172 (1984) 

Application of Transient Response Techniques for Quantitative 
Determination of Adsorbed Carbon Monoxide and Carbon Present 

on the Surface of a Ruthenium Catalyst during 
Fischer-Tropsch Synthesis 

PHILIP WINSLOW AND ALEXIS T. BELL 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory and Department of Chemical 
Engineering, University of California, Berkeley, California 94720 

Received June 25, 1983; revised September 13, 1983 

Transient response experiments using isotopic tracers have been carried out to determine quanti- 
tatively the coverages of adsorbed CO and carbon on a Ru/Si02 catalyst during Fischer-Tropsch 
synthesis. In situ infrared spectra reveal that the Ru surface is virtually saturated by chemisorbed 
CO. The rate of exchange of adsorbed and gas-phase CO is very rapid compared to the steady-state 
rate of CO hydrogenation. The integrated absorption coefficient for adsorbed CO is found to 
decrease from 9.0 x 1O’to 4.5 x lO’cm/mol as f&o increases from 0 to 1 .O. Two forms of carbon, C, 
and CB, are also present on the catalyst surface under normal reaction conditions, neither of which 
is associated with oxygen or hydrogen. C, is much more reactive than C,. The surface coverage of 
C, rapidly comes to a steady-state value and the steady-state rate of methane formation is found to 
be a linear function of the C, coverage. The coverage of C, is considerably larger than that of C, 
and continues to grow over a period of up to 5 min under reaction conditions. C, is formed from C, 
in the presence of adsorbed hydrogen and can be converted back to C, . It is concluded that at least 
a part of the C, deposited resides on the support and that the rest is present on the surface of Ru, 
and may be responsible for the gradual loss of methanation activity with time. The dependencies of 
the coverages of C, and C, on the partial pressures of the reactants have been determined and are 
found to be quite different from one another. 

INTRODUCTION 

Transient response studies, and in partic- 
ular those involving isotopic tracers, can 
provide a considerable amount of informa- 
tion regarding the mechanism of Fischer- 
Tropsch synthesis of hydrocarbons over 
Group VIII metals. Working with a fused 
iron catalyst, Bennett and co-workers (I, 2) 
have observed that upon changing from a 
flow of CO and Hz to a flow of H2 alone, a 
surface intermediate formed during steady- 
state synthesis undergoes rapid hydrogena- 
tion to produce methane and higher hydro- 
carbons. The reactivity of this intermediate 
gradually diminishes when it is annealed in 
helium, and XPS observations indicate that 
the intermediate is converted to graphitic 
carbon. It was also noted that a freshly re- 
duced iron catalyst is progressively carbu- 

rized under synthesis conditions. Based on 
this evidence, it was concluded that ad- 
sorbed CO rapidly dissociates to form 
atomic carbon which then acts as a precur- 
sor to the synthesis of hydrocarbons, as 
well as carburization of the catalyst. Using 
similar experimental techniques, Ekerdt 
and Bell (3) have established that large 
amounts of carbon are laid down during 
synthesis over a Ru/Si02 catalyst. Here 
too, it was observed that the carbonaceous 
deposit could be hydrogenated at a rate 
considerably in excess of steady-state syn- 
thesis rates. Integration of the amounts of 
methane and C2+ hydrocarbons formed dur- 
ing the transient indicated that the carbon 
reservoir is equivalent to several monolay- 
ers of the exposed Ru. Since in situ infrared 
spectra of adsorbed CO showed no attenua- 
tion of the CO band intensity during the 
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time that the catalyst was under synthesis 
conditions, 1t was proposed that the depos- 
ited carbon must be located on the support 
or exist as fine carbon whiskers attached to 
the surface of the metal 

The partlclpatlon of atomic carbon 1n the 
formatIon of methane and higher molecular 
weight hydrocarbon over N1, Co, and Ru 
catalysts has been demonstrated very effec- 
t1vely by B1loen er al (4) using transient 
isotopic tracer techniques In these expen- 
ments, the catalyst surface was partially 
covered by 13C-labeled carbon produced by 
dlsproportlonatlng 13C160 The undlssocl- 
ated *3C160 was then displaced by 12C160 
and the catalyst was exposed to a mixture 
of 12C160 and H2 These experiments 
showed that the 1)C-labeled carbon 1s read- 
1ly Incorporated into the hydrocarbon prod- 
ucts and that the dissociation of 12C160 IS a 
rapid process By using 12C180 to displace 
the ‘3C160 adsorbed durmg the Boudouard 
reaction, B1loen et al (4) were able to es- 
tablish that the displacement process 1s not 
accompanied by extensive isotopic scram- 
bhng, which suggests that CO d1ssoclatlon 
1s und1rectlonal 

Cant and Bell (5) combined transient re- 
sponse lsotoplc tractng with 1n situ Infrared 
spectroscopy to Investigate the dynamics of 
several elementary processes occurring 
durmg CO hydrogenation over a Ru/S102 
catalyst Chemlsorbed CO was found to ex- 
change very rap1dly with gas-phase CO, 
and under react1on conditions, the two spe- 
cies were establIshed to be 1n equ1hbr1um A 
similar conclusion was reached concerning 
the relatlonsh1p between gas phase and ad- 
sorbed H2 The dlssoc1at1on of molecularly 
adsorbed CO was found to require vacant 
surface sites While isotopic scrambling be- 
tween 13C’60 and 12C180 was observed, the 
rate of this reaction was found to be small 
compared to the conversion of CO to meth- 
ane Two Interpretations were given for this 
observation The first IS that CO dlssocla- 
t1on 1s nearly irreversible The second 1s 
that d1ssoclatlon 1s 1n fact reversible, but 
isotopic scrambling 1s impeded by the low 

mob111ty of adsorbed carbon and oxygen at- 
oms Experiments similar to those de- 
scribed by Cant and Bell (5) have also been 
reported by Tamaru and co-workers (6, 7) 
These authors concluded that all hydrocar- 
bon species are formed from surface carbon 
produced by dlssoclatlve adsorption of CO 
AdditIonal carbon was found to be accumu- 
lated 1n the form of hydrocarbon chains It 
was proposed that these species can resup- 
ply the catalyst surface with single carbon 
atom species by sc1ss1on of the carbon-car- 
bon bonds 1n the chains 

Bdoen et al (8) have recently per- 
formed additIonal transient response exper- 
1ments with NI, Co, and Ru catalysts The 
results of these studies led them to con- 
clude that only a small fraction of the total 
carbon overlayer belongs to the reaction 1n- 
termedlates, but that these species are 
11nked to the total carbon reservoir 1n a re- 
versible fashion A similar picture has been 
proposed by Happel et al (9-II) to explain 
the course of transient responses observed 
with N1 catalysts From a slmulatlon of the 
observed transients, these authors deduced 
that the most abundant reacting lntermedl- 
ate 1s adsorbed CH, and that the cdrb1d1c 
carbon consists of a relatively small pool of 
active carbon which exchanges with a 
larger pool of inactive carbon 

The studies presented here represent an 
extens1o1n of the work reported by Cant 
and Bell (5) and were a1med at obtaining 
quantitative measurements of the different 
forms of carbon present on the surface of a 
ahca-supported Ru catalyst A further ob- 
Ject1ve was to Identify the active form of 
carbon directly involved 1n the synthesis of 
methane and higher molecular weight prod- 
ucts The influence of reaction conditions 
on the surface coverages of adsorbed CO 
and carbon were also examined These In- 
vestlgatlons were carried out using tran- 
s1ent isotopic tracing 1n comblnatlon with 
Founer-transform Infrared spectroscopy 

EXPERIMENTAL 

The experimental apparatus used for 
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these studies IS slmdar to that described by 
Cant and Bell (5) The central component 1s 
a low dead-volume reactor that doubles as 
an mfrared cell (22) The catalyst, m the 
form of a 20-mm-diameter pressed disk 1s 
held m an alummum holder between two 
CaFz windows The path length through the 
gas m the cell 1s 2 5 mm, and the residence 
time of the gas m the cell 1s of the order of 
0 25 s The cell 1s heated by external flat- 
plate heaters The temperature of the cata- 
lyst 1s measured by a thermocouple, the tip 
of which 1s inserted mto the catalyst disk 
holder 

Gas for the reactor 1s supphed from a 
manifold made up of two branches Up to 
four separate gases can be dehvered to each 
branch by electromc flow controllers (Pre- 
clslon Flow Devices Model PFD-112) The 
two branches are connected to a low dead- 
volume 4-way valve that 1s used to select 
the feed stream delivered to the reactor 
Since the pressure drop m each of the 
branches IS neghg’ble, sw’tchmg from one 
stream to the other 1s accomplished without 
generation of a pressure surge or changes m 
gas flow rate Operat’on of the valve 1s 
achieved through a motor-dnven valve ac- 
tuator (Valco 4200) 

A portion of the product stream IS sam- 
pled through a differentially pumped inlet 
system mto a vacuum chamber contammg 
the quadrupole structure and detector of an 
EAI 250B mass spectrometer (13) Selec- 
tion of the mass spectrometer settmgs and 
data acqmsltlon are accomphshed usmg a 
Commodore PET mlcrocomputer (Model 
8032) This system 1s also used to control 
the valve actuator and to carry out data 
analysis after an expenment Under normal 
operation, the mtens’t’es of five separate 
masses are scanned every 0 33 s and stored 
on a floppy disk Upon complet’on of an 
expenment, the stored data can be d’s- 
played on the vls’ble memory of the m’cro- 
computer and then plotted on an x-y re- 
corder 

Infrared spectra are collected using a D’- 
g’lab FTS-1OM Founer-transform infrared 

spectrometer equipped with a narrow-band 
HgCdTe detector The spectrometer 1s op- 
erated by a Nova 2 computer interfaced to a 
Data General 6050 5M byte hard d’sk Us- 
mg a Real-Time Disk Operating Systems 
(RDOS), 8-cm-‘-resolution spectra were 
collected m the form of mterferograms at 
the rate of about one per second For archl- 
val storage, the spectral data were transfer- 
red to magnetic tape An optoelectronic 
hnk between the NOVA 2 and the PET was 
used to synchronize data acqu’s’t’on by the 
two computers 

A 4 3% Ru/SIOZ catalyst was prepared by 
mclplent wetness Impregnation of Cab-O- 
Sd HS-5 with an aqueous solut’on of RuCl, 

3H20 The catalyst was dried and reduced 
m flowing HZ, for 2 h at 673 K The catalyst 
was then sieved, and 51 mg of the -30, +60 
mesh fraction was pressed mto a self-sup- 
porting d’sk The dispersion of the catalyst 
sample was determined to be 0 27, by 
means of H2 chem’sorptlon at 373 K 

Hydrogen, deutermm, and helium were 
punfied by passage through Oxy-Absorbent 
(Alltech Associates No 4005) and molecu- 
lar sieve (Lmde 13 X) cooled m hqu’d mtro- 
gen Mass spectrometrlc analysis of the 
deutenum mdlcated a 2 3% content of HD 
Carbon monox’de was purified of u-on car- 
bonyls by passage through a copper tube 
packed glass beads and heated to 473 K 
Further purification was accomphshed by 
passage through Ascante II and molecular 
sieve cooled m dry ‘ce Isotop’cally labeled 
CO was obtained from Llquld Carbomc and 
used without further punficatlon Mass 
spectrometr’c analysis showed that the 
‘3C160 contained 3 6% ‘2C160, 0 8% 12C1*0, 
and 11 8% 13C’80, and that the 12C1*0 con- 
tamed 0 9% 12C160 and 0 9% 13C1*0 

RESULTS 

Steady-State Kmetlcs 

The steady-state kinetics of methane syn- 
thesis were determined usmg 13C160 and D2 
as the reactants The choice of reactants 
was dlctated by the fact that both 13C160 
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and D2 were used m the lsotoplc tracer ex- 
penments aimed at determmmg the surface 
coverages of adsorbed CO and carbon By 
using D2, rather than Hz, it was also POSSI- 
ble to determme the production of 13C-la- 
beled methane by momtormg mass 21, 
without interference from the fragmenta- 
tion patterns for water and other methane 
isotopes Rate measurements were made 
for temperatures between 443 and 513 K, 
CO partial pressures between 59 and 195 
Torr, and D2 partial pressures between 88 
and 588 Torr Prior to each measurement 
the catalyst was reduced m flowing D2 for 
24 h at 463 K 

For the sake of consistency, the rate data 
used to establish the kmetlcs of 13CD4 syn- 
thesis were all collected after 300 s of reac- 
tlon These data are well represented by the 
expression 

1 23 

NC, = 4 2 x lo* $& 
co 

exp(-25,30O/RT) (1) 

where NC1 1s the turnover frequency for 
13CD4 formation m s-l, PD2 1s the partial 
pressure of D2 m atm, PC0 IS the partial 
pressure of 13C160 m atm, and T 1s the tem- 
perature m Kelvin degrees Both the actlva- 
tlon energy and the exponents on the partial 
pressures of D2 and CO are m good agree- 
ment with previous determmatlons of the 
kmetlcs of methane synthesis over sdica- 
and alumma-supported Ru (3, 6, 14-17) 

In addition to methane, small amounts of 
ethane and ethylene were observed The 
rates of formatlon of these products were 
usually about 10% of the rate of methane 
formation Since accurate measurements of 
the rates of the C2 species were difficult to 
make, the kinetics of their formation were 
not determined 

Chemlsorbed CO 

Infrared spectra of the catalyst taken un- 
der reaction condltlons exhibited a single 
band attnbutable to linearly adsorbed CO 
At 463 K, neither the position nor the mte- 

grated absorbance of this band changed as 
the partial pressure of CO was varied be- 
tween 60 and 200 Torr, and the partial pres- 
sure of D2 was varied between 0 and 580 
Torr The position of the band did depend, 
though, on the lsotoplc composltlon of the 
CO The band was observed at 2040 cm-’ 
for 12C160, at 1995 cm-’ for 12C180, and at 
1990 cm-’ for 13C160 Between 433 and 493 
K, the CO band was unaffected by the cata- 
lyst temperature When the temperature 
was raised to 513 K, the integrated-band 
intensity decreased, but only by about 4% 

Two independent methods were used to 
correlate the integrated band intensity with 
the coverage of adsorbed CO The first m- 
volved saturation of the catalyst surface 
with 12C160 followed by a gradual reduction 
of the adsorbate with D2 At 463 K, the time 
constant for CO reduction was approxl- 
mately 4 mm, which 1s considerably longer 
than the time constant for diffusion through 
the catalyst disk, -G 1 s This assures that 
durmg the reduction a uniform partial cov- 
erage 1s maintained throughout the disk By 
measuring the amount of 12C160 removed as 
12CD4 and a knowledge of the total amount 
of adsorbed 12C160 present at the start of 
the experiment, it 1s possible to determine 
the amount of 12C160 remaining on the cata- 
lyst surface at any time This quantity can 
then be correlated with the integrated ab- 
sorbance of the CO band 

The second method involved a direct de- 
termmatlon of the coverage by adsorbed 
CO The catalyst was first saturated with 
12C180 A partial coverage was then 
achieved by reducing a portion of the ad- 
sorbate m a manner identical to that de- 
scribed above The reactor was then 
flushed with argon for 60 s and the spec- 
trum of the remaining adsorbate was re- 
corded Next, a flow of 5% 13C1‘j0 was m- 
traduced mto the reactor This caused the 
adsorbed 12C180 to be rapidly displaced by 
13C160 and produced a well-defined tran- 
sient of 12C’80 m the gas phase The integral 
of this transient 1s equivalent to the quan- 
tity of ongmally adsorbed 12C180 Expen- 
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FIG 1 Effect of the concentration of adsorbed CO 
on vco The arrow indicates the concentration corre- 
spondmg to CO/F& = I 0 

ments, s1mdar to those Just described, were 
also carried out 1n which the catalyst was 
first contacted with 13C160 and the adsorbed 
13C160 then displaced with 12C18O No ev1- 
dence was found durmg this expenment for 
the formation of 13C180 or l*C”jO 

Figures 1 and 2 illustrates the effects of 
CO surface coverage on the vibrational fre- 
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quency, integrated absorbance, and the in- 
tegrated absorption coefficient The data 
given 1n F1g 1 show that the vibrational 
frequency, vco , decreases progressively 
with decreasing surface coverage This 
trend has been observed 1n many infrared 
studies of adsorbed CO and 1s ascribable to 
a decrease 1n dlpolar coupling (18) The de- 
pendence of the Integrated absorbance on 
adsorbate coverage, seen 1n F1g 2A, 1s 
identical for all three forms of CO and 1s 
Independent of the method used to deter- 
mine the surface coverage At low cover- 
ages, the integrated absorbance increases 
linearly with coverage, but at higher cover- 
ages the integrated absorbance increases 
more slowly The integrated absorption co- 
efficient, &o, was determined from the ex- 
pression 

A 

1 

I  

2100 

co = 7 

G-0 ‘wo 
A(v)dv 

As can be seen 1n F1g 2B, &o decreases 
with increasIng surface coverage The mag- 
nitude of kc, for CO adsorbed on Ru/S102 
1s similar to that reported previously for CO 
adsorbed on Pt/S102 (18-23), as Indicated 
by the data given 1n Table 1 It 1s also of 
interest to note that the decline 1n &o with 
increasing CO coverage 1s similar 1n extent 

0 05 IO I5 20 25 

GO x IO6 (mol CO/cm2 Disk Area) 

FIG 2 Effect of the concentration of adsorbed CO on (a) the integrated absorbance of the CO band 
and (6) the Integrated absorption coefficient The arrow indicates the concentration correspondmg to 
coml, = 10 
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TABLE 1 160 1 I I I I 

Comparrson of Integrated Absorption Coefficrents 
for CO Adsorbed on Ru and Pt 

Source Catalyst Ace X 10m6 
(cm/mol) 

Thrs work Ru/SrOZ 90-45” 
Heyne and Tompkms (19) WSlO* 55-30” 
Etschens (20) ws102 73-4W 
Seanor and Amberg (21) Pt/SlO~ 37,29b 
Cant and Donaldson (22) wsloz 43,Slb 

0 The range m A,, values reflects the change ob- 
served with mcreasmg CO coverage 

b Values of&o obtamed at saturatron coverage wrth 
two catalyst samples 
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to that reported for slhca-supported Pt (18- 
23) and for Ru(OOl), Pt(l1 I), and Pt(lOO) 
surfaces (24-26) 
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Chemworbed Carbon 

The followmg procedure was used to de- 
termme the quantity of carbon present on 
the catalyst surface The catalyst was first 
reduced at 463 K and then exposed to a 
W60/Dz mixture for a period of 15 to 300 
s Following steady-state operation of the 
catalyst for the desired penod of time, the 
feed to the reactor was swltched from the 
13C160/D2 mixture to a 12C160/D2 mixture of 
equivalent composltlon Figure 3 shows a 
series of infrared spectra taken immediately 
after the switch m lsotoplc composltlon of 
the feed The posltlon of the CO band IS 
seen to shift to higher frequencies as 12C160 
displaces the adsorbed 13C160 The dls- 
placement process 1s very rapid and 1s over 
m about 4-5 s A plot of the gas-phase con- 
centration of 13CD4 durmg lsotoplc dls- 
placement 1s illustrated m Fig 4 It IS seen 
that while the rate of 13CD, formation un- 
dergoes a decline upon substitution of 
12C160 for 13C160, the time constant for this 
process IS slgmficantly longer than that for 
the displacement of adsorbed CO and, m 
fact, measurable rates of 13CD4 formation 
could be observed for up to 600 s followmg 
the substltutlon of CO Isotopes This mdl- 
cates that a reservoir of 13C remains on the 

FIG 3 Infrared spectra of adsorbed CO dlustratmg 
the drsplacement of r3Cr60 by ‘X?O under steady- 
state reactron condrtrons 

surface long after all of the adsorbed 13C160 
has been displaced The amount of 13C re- 
moved from the catalyst as 13CD4 durmg 
this penod will be referred to as reactive 
carbon, C, 

After a fixed period of exposure of the 
catalyst to the D2/12C160 mixture, the reac- 
tor was flushed with hehum for O-120 s D2 
was then introduced to react off all residual 
carbon-contammg species Figure 4 shows 
that upon mtroductlon of D2, a rapid nse 
occurs m the formation 13CD4 which 

FIG 4 The rate of r3CD4 formatron dunng the se- 
quence Dr/‘3C’60 (300 s) --, Dr/‘2C’60 (30 s) + He 
(30s) + Dz (3600 s) Total flow rate = 1 42 STP cm’/s 
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reaches a maxtmum after about 2 s This 
sharp peak 1s then followed by a broader 
peak occurring between 10 and 60 s The 
two peaks are attnbuted to different forms 
of carbon designated as C, and C, The 
amount of C, 1s defined by the carbon re- 
moved during the first 5 s of titration by Dz , 
and the amount of C, as the amount of car- 
bon removed after 5 s of tltratlon The ab- 
sence of significant quantltles of deutenum 
m assoclatlon with either C, or C, 1s sug- 
gested by H2/D2 tracer experiments con- 
ducted with Ru-black Additional support 
for this conclusion can be drawn from re- 
cent solid-state 13C NMR studies (26), 
which show no evidence for C-H or C-D 
coupling on the spectra of C, and C, 
present on Ru/SLO~ 

Due to complications arlsmg from over- 
lapping cracking patterns, the transients m 
12CD4 were not observed durmg the course 
of the experiment presented m Fig 4 
These data were obtained, though, by re- 
versing the sequence of mtroductlon of the 
i3C’60/D2 and W’60/D2 mixtures, and ob- 
serving the transients m 13CD4 The results 
are presented m Fig 5 In this case, there 1s 
no production of 13CD4 during the first 
phase of the experiment while 12C’60 and 
D2 are being fed to the reactor Upon mtro- 
duction of the *3C’60/D2 mixture, 13CD4 be- 
gms to form and the rate of productlon of 
this product steadily increases Compan- 
son of Figs 4 and 5 shows that the methane 
transients for this part of the experiment 

: 6 
E 
2 4 
c? t % zt , ~ , 1, , \-_--i 

‘0 20 40 60 60 100 120 140 160 180 200220 

t (5) 

FIG 5 The rate of 13CD4 formation dunng the se- 
quence D2/‘V60 (300 s) + D2/‘%?0 (30 s) + He (30 
s) * D2 (3600 s) Total flow rate = 1 42 STP cm’/s 

have a complementary relationship The 
methane transient observed during the final 
phase of the experiment shown m Fig 5 1s 
quite different from that shown m Fig 4 
The sharp peak seen at the beginning of the 
response 1s due to the reduction of a small 
amount of 13C-labeled C, , produced during 
the penod followmg the mtroductlon of the 
13C160/D2 mixture The broader transient 
compnsmg the bulk of the response 1s due 
to the reduction of adsorbed CO Infrared 
spectra taken as a function of time show 
that the decrease m the absorbance of the 
13Ct60 band exactly parallels the produc- 
tion of 13CD 

To ascertlm whether the (Y and p forms 
of carbon are associated with any oxygen, 
an experiment similar to that shown m Fig 
4 was performed using a 12C’80/D2 m the 
first step of the sequence If either C, or C, 
was bonded to oxygen, then it would be 
expected that a transient m D2180 would be 
observed during the reaction of the catalyst 
with D2 Since such transients were not ob- 
served, It 1s concluded that neither C, or C, 
IS associated with oxygen 

A series of expenments was conducted m 
which the steady-state reactlon time was 
vaned from 15 to 300 s, to determine the 
influence of reaction time on the surface 
concentratron of C, and C, In each of 
these expenments, the duration of CO lso- 
topic exchange was kept constant at 30 s 
and the duration of the helium flush was 
held to 15 s It was observed that the rate of 
methane synthesis slowly declined from 2 9 
x 10e3 to 2 6 x 1O-3 s-’ as the reaction time 
increased from 15 to 300 s Over the same 
period of time, the integrated absorbance of 
the CO band remamed constant to within 
+ 1% Figure 6 shows the transients m 
13CD4 observed during the reduction of ele- 
mental carbon present on the catalyst sur- 
face The amounts of C, and C,, deter- 
mined by integration of the peaks presented 
in Fig 6, are shown m Fig 7, as functions 
of the steady-state reaction time Also 
shown m this figure 1s the amount of reac- 
tive carbon removed during the 30 s follow- 
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FIG 6 Effect of the length of time under reaction 
condltlons on the transient m “CD4 formation ob- 
served dunng reduction of the catalyst with D2 The 
gas mtroductlon sequence 1s the same as that used for 
the expenment shown m Fig 4 Duration of reaction m 
Dz/W60 (a) 10 s, (b) 60 s, (c) 300 s Duration of expo- 
sure to D2/‘*C160 30 s Duration of He flush 15 s Total 
flow rate 1 42 STP cm3/s 

mg the substitution of W60 for 13C160 
The amounts of C, and C, increase rapldly 
durmg the first 60 s of steady-state reactlon 
and then remam fairly constant thereafter 
The close parallel m the temporal behavior 
of C, and C, strongly suggests that these are 
equivalent forms of carbon The plateau m 
the total amount of C, plus C, corresponds 
to 0 02 of a Ru monolayer The amount of 
C, increases monotonically with steady- 
state reaction time and reaches a level cor- 
respondmg to 0 13 of a Ru monolayer after 
300 s of reaction 

A separate series of experiments was car- 

T = 463K 

0 50 100 150 200 250 300 
t (s) 

FIG 7 Effect of the length of time under reaction 
condltlons on the amount of C,, C,, and C, 

ned out to determine the influence of the 
rates at which C, and C, are removed from 
the catalyst surface during the penod of ex- 
posure to *2C*60 For these experiments, 
the reaction time was held constant at 300 s 
while the duration of exposure to 12C160 
was vaned from 15 to 600 s A helium flush 
time of 15 s was used m all cases The tran- 
slent responses for 13CD4 are shown m Fig 
8, and plots of the amounts of C,, C,, and 
C, versus 12C160 exposure time are shown 
m Fig 9 It 1s apparent from both figures 
that as the exposure time to 12C160 m- 
creases, the reservoir of C, decreases much 
more rapidly than the reservoir of C, The 
integral of the 13CD4 produced durmg ex- 
change with 12C160 corresponds to the 
amount of carbon removed from the sur- 
face as C, Figure 9 shows that this amount 
Increases with time of exposure to *2C160, 
but that the sum of the amounts of C, , C,, 
and C, remams the same It 1s also mterest- 
mg to note that for very short 12C160 expo- 
sure times (~30 s), d&$dt = -d&,/dt, 
whereas for long 12C160 exposure times 
(>500 s) dO,Jdt = -dO,,Idt 

The fact that C, IS more reactive than C, , 
and the fact that the reservoir of C, rapidly 
comes to a steady-state value with reaction 
time, strongly suggests that C, 1s a pnmary 
intermediate m the formation of methane 
understeady-statecondltlons Ifthls hypoth- 
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FIG 8 Effect of the duration of exposure to Dz/ 
W60 on the transient m 13CD, formation observed 
dunng the reduction of the catalyst with Dz The gas 
mtroductlon sequence 1s the same as that used for the 
expenment shown m Fig 4 Duration of reactlon in 
D2/13C’Q 300 s Duration of exposure to D2/‘zC’60 (a) 
15 s, (b) 30 s, (c) 120 s, (d) 600 s Duration of He flush 
15 s Total flow rate 1 42 STP cm3/s 
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t (51 

FIG 9 Effect of the duration of exposure to D2/ 
W60 on the content of 13C m the reservcurs of C., C, , 
and C, The results shown here are based on the data 
presented m Fig 8 

esls IS correct, then the rate of methanatlon 
should be proportional to the amount of C, 
on the catalyst surface Figure 10 illustrates 
a plot of the rate of 13CD4 formation versus 
the amount of 13C, The four filled pomts 
were obtained from data taken durmg the 
period followmg the substitution of 13C*60 
by 12C’60 It 1s apparent that these points he 
along a straight lme which passes through 
the orlgm of the plot 

Amount of C, (IO-* mol) 

t3O 5 IO 15 
I I I 

6- T = 463 K 

4- 

0 I 2 3 

“c. x I02 

FIG 10 Dependence of the rate of “CD4 formation 
on ec, 

If Fig 10 properly describes the relatlon- 
ship between the methanatlon rate and the 
reservoir of C,, the value of the abscissa 
for the point correspondmg to the steady- 
state methanatlon rate (followmg 300 s of 
reaction) should correspond to the total 
amount of C, present on the surface under 
steady-state condltlons The amount of C, 
determined m this manner 1s 1 85 x lo-’ 
mol This figure compares favorably wrth 
1 47 x lo-’ mol, the estimate of C, present 
under steady-state condltlons, obtamed 
from Fig 4 

The relationship of C, and C, to one an- 
other was investigated through a separate 
set of experiments In the first, the catalyst 
was exposed rmtlally to a flow of hehum 
containing 87 Torr of 13C160, for 300 s at 463 
K The 13C160 was then replaced by 12C160, 
to displace the adsorbed 13C160 Followmg 
a 15-s flush m helium, the residual 13C was 
removed by reaction with D2 Figure 11 
shows that only a smgle peak of 13CD, was 
observed m this experiment The posltlon, 
magnitude, and shape of the peak corre- 
sponded very closely to those for the C, 
peak seen normally This result strongly 
suggests that m the absence of D2, CO dls- 
soclates to produce C, alone 
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FIG 11 Transients m “CD4 formatlon observed dur- 
mg reduction of the catalyst m D2 The gas mtroduc- 
hon sequence for these expenments IS (A) ‘3C16O (300 
s) + V60 (30 s) + He (15 s) + Dz (3600 s), (b) 13C160 
(300 s) + D,PPO + Dz (3600 s) 



In a second expenment, the catalyst, was The influence of reaction condltlons on 
agam exposed for 300 s to a gas mixture the coverages of the catalyst by C, and C, 
contammg 13P0 This time, though, the were investigated by varying the tempera- 
lsotoplc displacement of adsorbed CO was ture and the partial pressures of 13C’60 and 
carried out using a mixture containing D2 during the penod of steady-state reac- 
12C’60 and D2 As can be seen m Fig 11, tion At 463 K, and for 13P0 and D2 partial 
subsequent titration of the surface with D2 pressures between 59 and 195 Torr and 177 
produced a transient response for 13CDq, and 580 Torr, respectively, the coverages 
which had two peaks The second of these by C, and C, are correlated by the following 
was similar m posltlon and shape to the expressions 
peak normally observed for C, This exper- 
iment suggests that C, can readily be con- 

ec, = 4 4 x 10-3 &*/Pco) OS3 (2) 

verted mto C, but that this process requires I3 = 1 3 PO I4 Pg D2 (3) 
the presence of D2 

9 

The conversion of C, mto C, can be re- 
where PD, and PC0 are m atmospheres It 1s 

versed, as demonstrated by the results pre- 
to be noted that while the coverage by C, 

sented m Fig 12 In this instance a normal 
depends only on the D2/C0 ratio, the cov- 

gas delivery sequence was used, with the 
erage by C, increases with the partial pres- 

exception that the period of hehum flushing 
sures of both reactants 

was increased from 15 to 120 s The data 
The effects of temperature on the cover- 

show that, as the duration of hehum flush- 
ages by C, and C, are illustrated m Figs 13 

mg increases, the C, peak decreases and 
and 14 Figure 13 shows that as the temper- 

the C, peak mcreases 
ature increases from 443 to 513 K, the peak 
attnbuted to the reduction of C, rapidly 

I41 
shifts to earlier times and merges with the 
peak for the reduction of C, Above 473 K, 
resolution of the transient mto two separate 
peaks 1s no longer possible The change m 

T = 463 K the posltlon of the two peaks with tempera- 
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= 560 torr ture indicates that the process leading to 
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FIG 13 Effect of temperature on the transient m 

FIG 12 Effect of the duration of He flushing on the “CD4 formatlon observed dunng the reduction of the 
transient m 13CD, formatlon durmg the reduction of the catalyst with Dz The gas mtroductlon sequence IS the 
catalyst with Dz The gas mtroduchon sequence IS the same as that used for the expenment shown m Fig 4 
same as that used for the expenment shown m Fig 4 Temperature (a) 513 K, (b) 493 K, (c) 483 K, (d) 473 K, 
Duration of reaction m Dz/13C’60 300 s Duration of (e) 463 K, (f) 443 K Duration of reaction m Dz/‘3C’60 
exposure to D#*C’60 30 s Duration of He flush (a) 15 300 s Duration of He flush 15 s Total flow rate I 42 
s, (b) 30 s, (c) 120 s Total flow rate 1 42 STP cm% STP cm% 
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FIG 14 Effect of temperature on the amounts of C,, 
C,, and C, 

the removal of C, are slgmficantly more 
sensltlve to temperature than the processes 
Involved m the removal of C, The effect of 
temperature on the total amount of C, and 
C, removed from the surface after 5 mm of 
reduction 1s shown m Fig 14 Also shown 
1s the amount of C, removed during the 30 s 
that the catalyst 1s exposed to 12C160 

It IS apparent that the amount of carbon 
removed as C, increases rapidly with tem- 
perature, but that the total amount of C, 
plus C,, residual on the catalyst surface 
pnor to reduction by D2 1s nearly mdepen- 
dent of temperature These data mdlcate 
that the total amount of carbon accumu- 
lated on the catalyst surface after 300 s of 
steady-state operation increases only mod- 
erately with temperature A possible reason 
for the msensltlvlty of the carbon coverage 
to temperature may be that the overall actl- 
vatlon energies associated with the rates of 
production and consumption of carbon are 
comparable 

Formation of C2 Products 

The prmclpal hydrocarbons observed m 
addltlon to methane were ethylene and eth- 
ane While It was not possible toJudge the 
ratio of olefin to paraffin accurately from 

the mass spectrometrlc data, studies of the 
synthesis kmetlcs over silica- and alumma- 
supported Ru catalysts performed by 
Kellner and Bell (14) indicate that the ratlo 
should be 4 4 for the condltlons used for the 
maJor part of this study (T = 463 K, PD, = 
585 Torr, PC0 = 88 Torr) For these same 
condltlons, the rate of formation of C2 prod- 
ucts IS roughly 10% of the rate of methane 
formatlon 

Isotopic tracer expenments similar to 
those illustrated m Fig 3 were carried out 
m order to define the extent of partlclpatlon 
of C, and C, m the formatlon of C2 hydro- 
carbons Figure 15 show the mass spec- 
trometer traces observed for masses 34 and 
33 The first of these signals corresponds to 
the most intense peak present m the mass 
spectra of 13CzD4 and 13C2D6, and the 
second, to the most Intense peaks seen 
m the mass spectra of *3CD2’2CD2 and 
13CD312CD3 When the 13C160/D2 mixture 1s 
fed to the reactor, the mtenslty of the mass 
34 signal IS high and intensity of the mass 33 
1s almost zero The small amount of mlxed- 
labeled C2 products formed 1s due to the 
presence of 3 6% of 12C160 as an impurity m 
the 13C160 Upon mtroductlon of the 12P60/ 
D2 mixture, the intensity of the mass 34 slg- 
nal at first decreases due to the consump- 
tion 13C carbon present on the catalyst 
surface The intensity of this signal passes 
through a mmlmum at about 10 s and then 
begins to increase as more and more ‘2C2D6 

K 

0 
0 20 40 60 60 120 140 

FIG 15 Transients observed m the responses for 
mass 34 (a) and mass 33 (b) The gas mtroductlon se- 
quence and duration of exposure to each gas are the 
same as those used for the expenment shown m Fig 4 
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1s formed The mass 33 signal follows a pat- 
tern which 1s the Inverse of the mass 34 
signal Smce the only contnbutron to mass 
33 1s from the mixed-labeled C2 products, 
the dynamics of the mass 33 signal provide 
a good mdlcatlon of the rapidity with which 
‘*C carbon 1s formed and incorporated mto 
the C2 products Careful mspectlon of Figs 
4 and 15 shows that the latter process 1s 
very rapid, since the rate of increase of the 
mass 33 signal, dunng the period of expo- 
sure to the ‘*C1’j0/D2 mixture, 1s virtually 
the same as the rate of increase m the signal 
for the formation of methane from the 
newly introduced isotope 

The transients observed m the mass 34 
and 33 signals during the reduction of the 
adsorbed 13C carbon show two dlstmct 
peaks The positions of these peaks are 
identical to the posltlons of the methane 
peaks seen m Fig 3, for the reduction of C, 
and C, The only difference m the mass 34 
and 33 signals IS m the relative mtensltles of 
the C, and C, peaks Whereas the C, peak 
1s quite pronounced for mass 34, it 1s con- 
siderably smaller for mass 33 This latter 
observation 1s consistent with the fact that 
the conversion of C, to C, IS a relatively 
slow process, and hence that during the 30 s 
of exposure of the catalyst to the ‘*C”jO/D2 
mixture, little of the ‘*C m the C, reservoir 
1s transferred to the C, reservoir 

DISCUSSION 

The results presented m this paper 
clearly demonstrate the existence of two 
forms of carbon on the surface of Ru C, 1s 
produced via the dlssoclatlon of adsorbed 
CO, and as demonstrated by the data pre- 
sented m Fig llA, this process does not 
require the mvolvement of adsorbed deute- 
num Under normal reaction condltlons, 
the surface concentration of C, rapidly 
achieves a steady-state level and It 1s ob- 
served that the rate of methane synthesis 1s 
directly proportional to the surface concen- 
tration of C, The data presented m Fig 
11B strongly suggest that C, 1s formed from 

C,, and that this process requires the par- 
tlclpatlon of adsorbed deutenum As shown 
m Fig 12, the conversion of C, to C, ap- 
pears to be reversible While not demon- 
strated by direct experimental evidence, It 
seems reasonable to suspect that the con- 
version C, to C, also mvolves the partlclpa- 
tlon of adsorbed hydrogen 

The coexistence of two forms of carbon 
on the catalyst surface 1s consistent with 
the proposals recently made by Kobon et 
al (6), Blloen et al (8), and Otarod et al 
(II) In each case, the authors have sug- 
gested that the form of carbon responsible 
for the synthesis of methane and C2+ hydro- 
carbons comprises only a small fraction of 
the total carbon deposit, and that the active 
form of carbon commumcates m a revers- 
ible fashion with the reservoir of less ac- 
tive, or inactive, carbon Kobon et al (6) 
have proposed, m addition, that the less ac- 
tive form of carbon 1s present m the form of 
hydrocarbon chains attached to the surface 
of the metal This conclusion was based on 
mfrared observations (7) of the dynamics of 
build up and depletion of adsorbed hydro- 
carbon moieties While the work of Kobon 
et al (6) and that reported here both con- 
cern Ru, the interpretations differ In the 
course of this work, no evidence was found 
for the accumulation of hydrocarbon 
groups, even though adequate sensltlvlty 
was available for the detection of these spe- 
cies by infrared spectroscopy Likewise, 
13C NMR studies show no mdlcatlon of hy- 
drogen attached to the deposited carbon 
(26) This leads to the conclusion that under 
the condltlons of the present experiments, 
neither the (Y- or p-forms of carbon are hy- 
drocarbon-hke m structure 

In the work of Cant and Bell (5), expen- 
ments similar to those reported here were 
performed The failure of these authors to 
observe C, 1s very likely due to their choice 
of reaction condltlons As indicated by 
Eq (3), the coverage by Ca 1s proportional 
to the product Pcoo 8 Pk:” The partial pres- 
sures of CO and H2 used by Cant and Bell 
(5) were one-third or less than those used In 
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the present work This would lead to a 
much smaller accumulation of C, m the 
same time of steady-state operation While 
no dlstmct peak for C, was observed by 
Cant and Bell (5) dunng the removal of sur- 
face carbon with HZ, it IS possible that a 
portion of the tall on the C, peak which 
they observed may have, m fact, been due 
to the reaction of a small amount of C, 

In contrast to the work of Cant and Bell 
(.5), Ekerdt and Bell (3) observed that the 
accumulation of carbon followmg 120 mm 
of synthesis at 464 K over a Ru/SIOZ cata- 
lyst corresponded to several monolayers of 
Ru Reduction of this reservoir produced 
not only methane but also ethane and pro- 
pane The rates at which these products 
were formed greatly exceeded the steady- 
state synthesis rates and the production of 
hydrocarbons continued for over 30 mm 
followmg the onset hydrocarbon reduction 
Ekerdt and Bell (3) also observed that whde 
the carbon reservoir exceeded several Ru 
monolayers, its presence did not Interfere 
at all with the chemlsorptlon of CO This 
led to the conclusion that the carbon resides 
either on the slhca support or 1s present m 
the form of thin filaments attached to only a 
small fraction of the exposed metal surface 
When viewed m the light of the present 
results, It seems reasonable to conclude 
that the form of carbon undergomg reduc- 
tlon m the experiments of Ekerdt and Bell 
(3) was C, This form of carbon reacts 
much more slowly than C, and 1s present m 
slgmficantly larger quantltles The analogy 
between the two studies also suggests that 
most of the C, observed m this study exists 
m a form which does not occupy a large 
fraction of the Ru surface 

The relationships between gas-phase CO, 
adsorbed CO, and the (Y- and p-forms of 
surface carbon may be described by the re- 
actlon sequence Illustrated m Fig 16 With 
the exception of the pathway shown for the 
formation of C, , this sequence 1s slmdar to 
that described m several previous studies 
(3, 4, 6, 8, II, 14) The very rapid dlsplace- 
ment of adsorbed 13C160 by gaseous ‘*PO, 

FIG 16 Proposed scheme for the connectlon of 
CO,, C,, C, , and CD, 

observed m Fig 3, suggests that under re- 
action condltlons, gas-phase and adsorbed 
CO are m equlhbrmm with each other The 
absence of any lsotoplc scramblmg between 
carbon and oxygen when adsorbed 12C’80 1s 
displaced by *3C160 suggest that the dlssocl- 
atlon of adsorbed CO may be u-reversible 
An alternative explanation IS that assocla- 
tlon does occur but that the surface mobll- 
lty of C and 0 atoms IS insufficient to 
achieve homogeneous mlxmg of these spe- 
cies (5) The conversion of C, to methane 1s 
shown to proceed through a partially deu- 
terated species designated as CD, This 
symbol 1s used to represent what 1s proba- 
bly a mixture of methyne, methylene, and 
methyl groups (27, 28) Since the degree of 
coordmatlon of these species to the sur- 
face, IS expected to be less than that for free 
carbon atoms, they should be more mobile 
Several authors (4, 24, 27, 28) have sug- 
gested that the formatlon of higher molecu- 
lar hydrocarbons 1s mltlated by mlgratlon of 
a methyl group to a methylene group to 
form an ethyl group The rapid appearance 
of D3’2C’3CD3 when 12C160 1s substituted 
for 13C160, shown m Fig 15, 1s consistent 
with the postulated mob&y of CD, species 
If upon couplmg the C2Ds species were to 
lose deutenum, it would be easy to see how 
a carbon dlmer might be formed Slmllar 
processes can be envlsloned to explain the 
formation of higher ohgomers of carbon It 
IS also possible to see how, under appropn- 
ate circumstances, such precursors might 
lead to the formatlon of graphltlc carbon 
(29) 
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The location of the C, relative to the Ru 
mlcrocrystallltes 1s dtificult to establish un- 
ambrguously If 1t 1s assumed that CP accu- 
mulates on the surface of the mlcrocrystal- 
11tes 1n a structure that 1s one-carbon-atom 
thick, one would anticipate that the corre- 
sponding blockage of Ru sites would lead to 
an attenuation 1n the coverage by cheml- 
sorbed CO and to a decrease 1n the rate of 
methane synthesis As was noted earlier, 
the accumulation of C, to a level equivalent 
to 0 13 of a Ru monolayer does not cause an 
observable reduction 1n the integrated ab- 
sorbance of CO However, this does not 
necessardy mean that a reduction 1n CO 
coverage has not occurred since, as shown 
1n F1g 2A, the curve of integrated absorb- 
ance versus CO coverage 1s nearly flat at 
high CO coverages There does appear to 
be a correlation, though, between the rate 
of methane synthesis and the accumulation 
of p-carbon In the interval between 60 and 
300 s of reaction, the turnover frequency 
for methane synthesis decreases by about 
18% Over the same period, the coverage 
by C, increases by about 7% Thus, 1t 
seems reasonable to suggest that the accu- 
mulation of C, may contribute to the de- 
crease in catalyst activity 

The reaction sequence outlined 1n F1g 16 
1s qualltatlvely consistent with the changes 
1n the surface concentrations of C, and C, 
observed during the course of an expen- 
ment Upon 1ntroductlon of the reaction 
mixture, the catalyst surface 1s lmmedlately 
covered by chemlsorbed CO, thereby m1t1- 
at1ng the deposltlon of C, 

In the second stage of an experiment, the 
13(?0 present 1n the reactor bed 1s replaced 
by 12C160 Since the change 1n isotopic 
composltlon 1s made without altenng the 
partial pressures of CO and D2, the surface 
concentrations of adsorbed CO, carbon, 
and deuterlum are unaffected The rapid 
displacement of adsorbed 13C160 by 12C160 
means that within the first few seconds fol- 
lowing the perturbation 1n isotopic compo- 
s1t1on of CO, the source of 13C-labeled C, 
and C, 1s ehmlnated The subsequent de- 

cl1ne 1n the surface concentrations of 13Cu 
and 13Cg 1s d1ctated by the kinetics govern- 
1ng the interconversion of these species and 
the hydrogenation of both forms of carbon 
to 13CD4 The data presented 1n Figs 9 and 
10 show that at the outset. C, reacts much 
more rapidly than C, , even though the res- 
ervoir of C, 1s about an order of magnitude 
smaller than that of 13CB This indicates that 
the rate coefficient for converS1on of C, to 
CD, 1s slgnlficantly larger than that for C, 
With increasing time, the inventory of C, 
decreases to the point where C, 1s no longer 
the dominant source of 13CD4 and now C, 
becomes the prlnclpal source of this prod- 
uct 

The final phase of an experiment involves 
the removal of all residual carbon-contaln- 
1ng species with D2 Figure 5 shows that 
durmg this phase, the surface concentration 
of adsorbed CO gradually decreases It 1s 
reasonable to postulate that the Ru sites va- 
cated by this means are rapidly covered by 
adsorbed D2, and hence that the surface 
concentration of D2 increases at a rate com- 
parable to the rate at which adsorbed CO 1s 
consumed The reaction sequence pre- 
sented 1n F1g 16 indicates that under such 
circumstances the rate of CD4 formation 
will go through a maximum as each of the 
forms of adsorbed carbon 1s consumed 
Since C, 1s more reactive than C, , the peak 
1n CD4 formation associated with the con- 
sumpt1on of C, will occur earlier than that 
associated with the consumption of C, The 
shift 1n the position of the peak for C, to 
earlier times with increasing reaction tem- 
perature, observed 1n F1g 13, can be attnb- 
uted to the fact that the global activation 
energy for converting C, to CD4 1s higher 
than that for C, 

CONCLUSIONS 

Transient response, isotopic tracer ex- 
periments have revealed that two dlstlnctly 
different forms of carbon are deposited on 
the surface of a Ru/S102 catalyst during CO 
hydrogenation The first of these, deslg- 
nated C,, rapidly achieves a steady-state 
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coverage This form of carbon IS highly re- 
active and IS the prmclpal precursor to 
methane and C2+ hydrocarbons The rate of 
methanatlon IS directly proportional to the 
surface coverage by C, The second form 
of carbon, designated C, , accumulates pro- 
gressively with time, and after a few mm- 
utes under reaction condltlons, the quantity 
of C, on the catalyst exceeds by many fold 
the quantity of C, The locatlon of C, 1s not 
fully estabhshed It appears that only a part 
of the total C, deposit resides on the sur- 
face of Ru and that the balance IS on the 
support There IS also evidence that the 
portlon on the metal surface may be re- 
sponsible for the progressive loss of metha- 
nation activity with time 

5 

6 

7 

8 

9 

10 

The formatlon of C, occurs via the dlsso- 
clatlon of adsorbed CO, and takes place 
without the partlclpatlon of hydrogen C,, 
on the other hand, IS formed from C,, and 
the conversion of C, to C, reqmres the 
presence of hydrogen on the catalyst sur- 
face Quite surpnsmgly, it 1s found that C, 
can be converted back to C, Based on 
these observations, It IS concluded that un- 
der reactlon condltlons C, acts as a reser- 
volr of carbon that can resupply the mven- 
tory of C, 

I1 

12 

In situ infrared spectra of the catalyst m- 
dlcate that for the range of reactlon condl- 
tlons considered here, the surface of Ru IS 
vu-tually saturated by linearly adsorbed 
CO Less than monolayer coverages of CO 
could be obtained by a partial reduction ad- 
sorbed CO Correlation of the Integrated 
band mtenslty with the coverage by ad- 
sorbed CO has shown that the integrated 
absorption coefficient, Ace , IS not constant 
but Instead decreases progressively with m- 
creasing coverage 
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