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The effects of alkali on catalyst activity and deactivation during CO hydrogenation have been 
studied in the past mostly based on an available surface-metal atoms approach. However, such an 
approach cannot easily distinguish to what extent the modifier brings about changes in surface 
concentrations of reaction intermediates or affects site activity during steady-state reaction. Steady- 
state isotopic transient analysis (SSITKA) with carbon tracing was used to decouple the effects of 
potassium on the methane-producing sites during steady-state CO hydrogenation over Ru/SiO 2 
catalysts having modifier loadings of up to (K/Rn)ato m = 0.2. The SSITKA results indicate that, 
during steady-state CO hydrogenation, carbidic carbon evolved into methane via a high-reactivity 
(C1~) and a low-reactivity (C~) trajectory. With increasing amounts of K + the average " t rue"  
intrinsic turnover frequency (k) of both of these carbidic pools decreased, as did their steady-state 
surface abundance. Relative to Cl¢, the C1~ pool was affected to a slightly greater extent, both in 
terms of its reactivity and abundance. It is likely that potassium was able to strengthen the 
carbon-metal  interaction which made hydrogenation of the carbon adlayer more difficult, resulting 
in smaller methane-destined pools of active surface carbon. With time-on-stream, deactivation by 
deposition of inactive carbon did not significantly affect the product distribution or the methane 
rate constant at the prevailing K + doping levels; instead, deactivation was due to a loss in the 
steady-state abundance of carbon-containing surface intermediates exiting as methane. Implications 
of the role of potassium during steady-state CO hydrogenation in influencing the active metal surface, 
the carbidic adlayer, and the latter's transformation into unreactive carbon are addressed. © 1992 
Academic Press, Inc. 

1. INTRODUCTION 

Chemical modification of CO hydrogena- 
tion catalysts with alkali addition has been 
shown to be effective in improving the selec- 
tivity for higher hydrocarbons (1). It is evi- 
dent that the alkali promoter typically de- 
creases rates of formation of all the products 
but that methane formation is affected more 
dramatically resulting in an increase in 
higher-hydrocarbon selectivity, This de- 
crease in rates is often ascribed to a decrease 
in the catalyst's hydrogenation function 
upon alkali addition (2, 3). 

In Fischer-Tropsch synthesis one of the 
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most difficult problems has been the elucida- 
tion of the mechanism(s) of alkali promo- 
tion. In particular, the means by which the 
alkali modifier may affect the carbidic 3 ad- 
layer under practical reaction conditions has 
remained mostly unclear. Many surface- 
science studies show that for CO adsorption 
on alkali-metal promoted, single-crystal 
metal surfaces, the C-M bond is further 
strengthened while the C-O bond is weak- 
ened with promotion, possibly due to elec- 
tron enrichment of the surface by charge 
donation from the modifier and attendant 
electrostatic field effects of the (partially) 

3 "Carbidic,'" as has been suggested by Biloen (4), 
is used here as a collective adjective for a family of 
reactive surface species CxHy, which do not contain 
oxygen. 

22 



K PROMOTION OF Ru 23 

ionized modifier (5). For the addition of uni- 
valent alkali, electrostatic field effects are 
suggested to bear primary responsibility for 
the changes brought about by the modifier 
(6, 7). Thus, according to such an electro- 
static approach, alkali promotion results in 
increased CO dissociation but more tightly 
bound surface carbon (8). An infrared study 
of CO adsorption on the series of K ÷-doped 
Ru catalysts studied here showed results 
consistent with such an approach (9). In the 
context of the CO hydrogenation reaction, 
the influence of alkali on the dissociative CO 
adsorption is thought to be responsible for 
the observed increases in the selectivity for 
higher hydrocarbons, the increase in the ole- 
finic content of the products, and, more gen- 
erally, the decrease in the hydrogenation 
rate of carbon (2, 3). 

It is well known that during CO hydroge- 
nation there is a large pool of reversibly 
adsorbed CO which occupies a large portion 
of the metal surface while not participating 
in the reaction directly (10). Traditionally, 
rate results in kinetic studies of the CO hy- 
drogenation reaction have been presented 
on a global or on an available surface-metal 
atoms basis. Using such an approach, one 
is not able to handle/deconvolute the simul- 
taneous effects that the promoter may have 
on the abundance of active sites and their 
" t rue"  intrinsic site turnover frequency, the 
apparent first-order reaction rate con- 
stant k. 

In this study we utilized steady-state iso- 
topic transient kinetic analysis (SSITKA) to 
deconvolute the global methane formation 
rate into the abundance (NcH4) of the 
carbon-containing reaction intermediates 
leading to methane and their intrinsic turn- 
over frequency (kcH4). We were able to de- 
termine to what extent alkali promotion was 
able to bring about actual site modification 
for those sites producing methane--the 
product that is usually most drastically 
affected by alkali promotion for ruthenium- 
catalyzed CO hydrogenation. Figure 1 sche- 
matically shows the pathways traced isoto- 
pically during steady-state reaction; surface 

trajectories of higher hydrocarbons were 
not traced but their exit into the gas phase 
was monitored. How alkali promotion may 
affect catalyst deactivation by inactive car- 
bon was also explored. 

2.EXPERIMENTAL 

2.1. Catalyst Preparation and 
Characterization 

The preparation procedure for the cata- 
lysts has been described elsewhere (11). 
Briefly, portions of a pre-reduced, pre- 
washed, chlorine-free 3 wt% Ru/SiO2 base 
catalyst were sequentially impregnated with 
potassium nitrate solutions of different con- 
centrations. After drying, these catalysts 
were re-reduced at 400°C. The catalysts 
were named Kxx or sKxx, where xx indi- 
cates that nominally (K/Ru)atom = xx/lO0 
and s designates catalysts prepared from a 
second batch of base catalyst. Although se- 
quential doping may not be the most effec- 
tive way to achieve intimate modifier-metal 
interaction, it has been found useful (12-14) 
since it allows one to study the chemical 
modification of catalysts in the absence of 
complicating factors, such as particle-size 
changes, that typically result when doped 
metal catalysts are prepared by co-impreg- 
nation. 

Previous characterization (11) of this se- 
quentially promoted catalyst series showed 
that the potassium was apparently located 
exclusively on the metal surface, where it 
affected static hydrogen chemisorption on a 
one-to-one atomic basis. Ethane hydro- 
genolysis results as indicated that with in- 
creasing potassium levels the potassium dis- 
persion became nonuniform (11). Some 
pertinent characteristics of the series are 
shown in Table 1. Even though other mecha- 
nisms cannot be excluded altogether, the 
stronger linear correlation between added 
potassium and the ruthenium atoms that 
were unavailable upon potassium addition 
as measured by hydrogen chemisorption 
suggests that simple site blocking by the po- 
tassium compound was the most likely 
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mode of poisoning affecting the amount of 
hydrogen chemisorbed (ll). 

2.2. CO Hydrogenation Reaction Analysis 

After in-situ H 2 reduction at 400°C, 
steady-state CO hydrogenation reaction 
over the catalysts in the series was studied 
in a quartz, tubular fixed-bed microreactor 
(3 mm ID) differentially operated at 215°C 
and ca. 120 kPa using a flow of H2/CO = 
30/10 ml/min. The space velocity through 
the porous catalyst bed was maintained at 
about 80 s -1. For further purification, hy- 
drogen (UHP grade, Linde) was passed 
through a molecular sieve; carbon monox- 
ide gas containing a 5.15% trace of argon 
(CP grade, Air Products) was passed 
through an activated charcoal trap to re- 
move potentially formed carbonyls. 

The reactor effluent was analyzed for 
C1-C 6 hydrocarbon products by gas chro- 
matographic (GC) analysis (Varian, model 
3700) using a Porapak Q column and flame 
ionization detection. Only linear and small 
amounts of branched alkanes and alkenes 
were detected. Carbon dioxide was not 
formed above detectibility limits at the pre- 
vailing reaction conditions as determined by 
GC analysis of the reactor effluent using a 
Carbosieve II column and a thermal conduc- 
tivity detector. Methane selectivities (Scn4) 
are presented on a mass percent basis. 
Lumped olefin selectivities (Sc=) are also 

presented as mass percentages and are 
based on and normalized with respect to 
the C2-C 5 range of hydrocarbon products 
formed. Hydrocarbon chain-growth proba- 
bilities (OLchain) w e r e  determined from mole- 
based Schulz-Flory (S-F) plots using a lin- 
ear regression over carbon numbers three 
to six. Since the chain-growth probabilities 
did not vary systematically over time, the 
reported initial Ogchain'S a re  the average value 
for the first 4 h of reaction. It is noted that 
for catalysts with high K + doping levels 
there was considerable experimental error 
in the product analysis due to the low CO 
conversions obtained over these catalysts. 
However, in order to be able to fairly com- 
pare isotopic transient results, the amount 

T A B L E  1 

C h a r a c t e r i s t i c s  of  K + - D o p e d  3 w t %  R u / S i O  2 C a t a l y s t s  

Catalyst K/Rtl Ka~ddcd Hirrev b Rusc OK d 
(atomic) (/~mol/g) (~mol/g) (tLmol/g) 

K00 0.00 0.0 110 110 0.0 
K01 0.01 3.0 112 112 0.03 
K05 0.05 14.8 98 98 0.13 

sK10 0.10 29.7 76 76 0.28 
K20 0.20 59.4 49 49 0.55 

Duplicated from Ref, (11). 
From static hydrogen chemisorption at room temperature. 

c. Based on an assumption of Hi~ev/Rus = 1. 
d Fraction of Ru surface atoms blocked by K ÷ species, as- 

suming all Ka~ded resides on Ru surface, where one K * species 
blocks one Ru atom. This number is identical to the loss of 
hydrogen chemisorption ability (11). 
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FIG. 2. Typical set of isotopic transients for methane 
formation during steady-state CO hydrogenation over 
unpromoted 3 wt% Ru/M5-SiO2 at standard reaction 
conditions. 

of catalyst in the reactor was kept constant 
at 60 mg. 

In the steady-state isotopic transient ki- 
netic analysis (SSITKA) of methane forma- 
tion during CO hydrogenation, 13CO (99% 
enrichment, Isotec) was used without fur- 
ther purification. While the reaction was 
maintained at steady-state, the decay or de- 
velopment of isotopically marked species 
was monitored mass-spectrometrically (Ex- 
trel, model 275) after abruptly switching be- 
tween equal flows of labeled-carbon CO in 
the feed stream without perturbing the reac- 
tor pressure. A typical normalized set of 
isotopic transients is displayed in Fig. 2. 
Concerning the transients results reported 
below, it should be noted that for CO the 
standard deviations of ~- and (consequently) 
N are relatively large because the difference 
between ~'~o and ~'~r (* indicates the ob- 
served decay time, not corrected for gas- 
phase hold up) tends to be rather small for 
the transients obtained. 

The steady-state isotopic transient tech- 
nique developed in large part by Happel (15) 
and Biloen (16) allows the monitoring of im- 
portant kinetic parameters under steady- 
state reaction conditions. For methane for- 

mation, the steady-state rate can be written 
as  

Rss = N/'c, (1) 

where N is the surface-intermediates abun- 
dance and q" is the average surface residence 
time of these reaction intermediates. Un- 
like conventional steady-state methods, 
SSITKA is able to deconvolute the reaction 
rate into contributions due to the coverage 
in reaction intermediates vs contributions 
due to the reactivity of these species. This 
ability is very powerful since it permits one 
to address the nature of groups of reaction 
sites. For conventional nonsteady-state 
transient techniques which attempt a similar 
decoupling of the reaction rate, the analysis 
is complicated by the pressure shock that 
transpires, which results in a disturbance of 
the population of surface reaction interme- 
diates during the nonsteady-state transient. 
For SSITKA, the average intrinsic rate,/~, 
corresponds inversely to the residence time 
of the surface reaction intermediates 
(i.e., k = 1/~-) which can be determined from 
steady-state isotopic transients such as 
those in Fig. 2. This simplicity cannot be 
claimed by isotopic pulse methods (17, 18). 

SSITKA ordinarily does not distinguish 
between different possible forms of active 
carbon intermediates since, in fact, it is gen- 
erally assumed that reaction takes place 
over a kinetically uniform catalyst surface. 
However, SSITKA can and has been ex- 
tended for pseudo-first-order surface reac- 
tions to allow the assessment of surfaces 
that may not be kinetically uniform (19-21). 
To ascertain the effect that po- 
tassium may have on different types of sur- 
face carbon an extension of SSITKA (the 
T-F  method) described elsewhere (21) was 
used for the nonparametric determination of 
reactivity distribution functions f(k) from 
steady-state isotopic transients using a con- 
strained standard Tikhonov regularization 
of the following Fredholm equation of the 
first kind, 

R(t) = N (~ ke-ktf(k)dk, (2) 
J o  
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where R(t) is the gas phase-corrected 
steady-state isotopic transient of methane. 
The T-F  method uses a variant on the ap- 
proach suggested by Butler et al. (22) to 
determine the optimal amount of smoothing 
needed for the integral inversion. 

To determine the effects of catalyst deac- 
tivation with time-on-stream (TOS), the 
data-acquisition schedule during CO hydro- 
genation reaction was as follows. Initial GC 
product analysis was done after 20 min of 
reaction since at that time the reaction rates 
appeared stable, except for the relatively 
slow catalyst deactivation due to the forma- 
tion of inactive carbon. Subsequent product 
analyses could be done at about 40-min in- 
tervals and were performed periodically 
during the catalyst's time-on-stream. In ad- 
dition, at 20 min on stream the first set of 
methane transients were measured by con- 
tinuous mass analysis of the reactor effluent 
after changing reactants from 12CO to 13CO 
for a period of 4 rain during steady-state 
reaction. Later sets of such isotopic tran- 
sients were typically measured at around 
80 rain, 4 h, 24 h, 48 h, and 72 h on 
stream. 

3. RESULTS 

3.1. Initial Reaction 

3.1.1. Overall hydrocarbon synthesis. Se- 
quentially added K ÷ had a considerable ef- 
fect on the Ru catalysts' conversion rate of 
CO (Table 2). There were sharp decreases in 
both the overall CO conversion rate ( - Rco) 
and CO turnover frequency (TOFco) at low 
K ÷ levels, but at higher doping levels fur- 
ther effects of the promoter on these param- 
eters became less pronounced. Figure 3 
shows how CO conversion activity declined 
as the fraction of surface-exposed Ru(1-0K) 
decreased upon addition of K ÷. As can be 
seen in Table 2, the effect of K + on ScH4 
does not appear to have been significant. 
Likewise, Fig. 4 shows that the initial chain- 
growth probabilities did not change signifi- 
cantly upon K + promotion. Table 2 indi- 
cates that the modifier had a significant ef- 
fect on the lumped C2-C5 olefin selectivity 

(Sc=), and that SCH 4 was  perhaps more sen- 
sitive to higher loadings of K + . 

SSITKA results show that at the prevail- 
ing reaction conditions K + apparently did 
not influence ~co and Nco (Table 2) within 
experimental error. This CO adsorbed on 
the catalyst but desorbed without reacting 
to form CH4. It should be noted that, within 
experimental error, Nco'S for the catalysts 
in the series were similar to or exceeded Ru s 
of the unpromoted catalyst (Table 1). We 
also note that, for the surface residence time 
and abundance of reversibly adsorbed CO 
(~'co and Nco, respectively), averages over 
time are reported in Table 2 since these pa- 
rameters did not vary systematically with 
time. 

3.1.2. Methane formation. K + addition 
resulted in sharp decreases in methane pro- 
duction rates (Table 3). Again the promotion 
effect became progressively smaller with in- 
creased doping levels. Figure 5 shows the 
extent to which the methane activity was 
decreased due to the addition of the modifier 
whether expressed as RCH4, TOFcH4, or 
kcH 4. The figure illustrates that as one can 
get more site specific about the methane- 
formation activity, the influence of K ÷ on 
the activity seems to be less, which indicates 
that the promoter must also have been af- 
fecting the abundance of reaction intermedi- 
ates, as is the case and as shown in Table 3. 
Table 3 indicates that, if it is assumed that 
the CH x coverage of surface Ru is one-to- 
one, then the methane-destined surface in- 
termediates would correspond to an over- 
layer covering 9% of the Ru surface atoms 
for the K÷-free catalyst, with this overlayer 
coverage decreasing to 2% of the substrate 
metal surface for the catalyst with the high- 
est K + doping level. 

The nonparametric T -F  estimates of the 
reactivity distributions are shown in Fig. 6 
and were extracted from isotopic transients 
measured after 20 min at standard reaction 
conditions. To facilitate their comparison, 
each distribution has been rescaled to reflect 
that the total steady-state number of meth- 
ane-destined surface carbon atoms was 
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T A B L E  2 

Initial a Overall  CO Hydrogenat ion  React ion Characteris t ics  
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Catalys t  Conv.  - Rco TOFco b SCH 4 S C = TCO c'd NCO c'e 

(%C0)  (/xmol/g s) (10 -3 s -]) (wt%) (wt%) (s) (/xmol/g) 

K00 4.1 5.1 46 49 30 1.1 140 
K01 2.7 3.4 30 53 30 0.8 100 
K05 0.65 0.81 8 58 60 1.4 170 

sK10 0.36 0.32 4 48 80 1.3 160 
K20 0.15 0.18 4 39 70 0.9 110 

Values after 20 min of  reaction. 

b TOFc ° = _Rco/Hirrev" 
c Average  over  t ime; values  did not  vary  systematical ly  over  time. 
d Standard deviat ion is 0.3 s. 
e Standard deviat ion is 40/. tmol/g.  

NcH 4. The relative smoothness of the T -F  
estimates is a direct consequence of the Tik- 
honov regularization approach, and any ran- 
dom experimental error in the measurement 
of the isotopic transients would be primarily 
reflected as uncertainty about peak loca- 
tions of the true reactivity functions. For the 
transformed isotopic transients, such uncer- 
tainty is expected to be modest since the 
noise in the transient measurements is esti- 
mated to have been small (between 2 and 
6%). For the transient of the K20 catalyst, 
the level of noise relative to the low meth- 
ane-formation activity was too great to 
allow a reliable estimate of the reactivity 
spectrum using the T - F  method. 

Figure 6 shows that on this series of 
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Ru/SiO 2 catalysts the formation of methane 
during steady-state CO hydrogenation was 
regulated by two reaction trajectories for 
methane-destined carbidic carbon. The 
highly reactive pool is assigned C1~ and the 
less reactive one C1~. These methane-des- 
tined carbon pools are only a part of the 
larger C a and C~ pools (19, 23) which yield 
both methane and higher hydrocarbons 
(C2+). As can be seen in Fig. 6, small 
amounts of alkali seem to have primarily 
affected the C]~ pool, but higher levels of 
sequentially added potassium affected both 
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T A B L E  3 

Initial a Methane  Format ion  Characteris t ics  

c,d Catalyst RcH 4 TOffcH4 b zci~4 kcn4 c NCH4 0CH4 e 

(/xmol/g s) (10 -3 S-l) (s) (s < )  (/xmol/g) 

K00 2.51 23 4.2 0.24 9.4 0.086 
K01 1.80 16 4.0 0.25 7.4 0.065 
K05 0.47 4.8 6.9 0.14 3.3 0.029 

sK10 0.15 2.0 14 0.07 2.1 0.020 
K20 0.07 1.4 34 0.03 2.4 0.022 

a Value after 20 rain of  reaction.  
b Based  on static chemisorp t ion  of irreversible hydrogen.  
c Average  over  t ime; values  did not  vary  systematical ly  with t ime. Equal  to 1/rCH 4. 
d Standard deviat ion is 0.5 s. 
e Fract ion of  Ru surface a toms covered by CHx. Normalizat ion with respect  to Rus of K +-free catalyst  (K00) 

and based  on the assumpt ion  that  C H J R u  s = 1. 

pools considerably. In addition, there was a 
considerable decrease in the reactivity of 
C~ although in relative terms it was similar 
to the decrease seen for C~¢. Table 4 shows 
that K ÷ decreased the methane-destined C1~ 
population to a slightly greater extent than 
that of Cl¢. 

It is also possible to assess the contribu- 
tion of the active carbon pools to the overall 
methane formation rate. Iff(k) corresponds 
to the steady-state fraction of active C H  4 

intermediates on the catalyst surface which 
each have reactivity k, then kf(k) corre- 
sponds to the extent at which this group of 
carbon atoms reacts to contribute to overall 

[] r=r°Pe.,~ 2 '  ,'I 

0.01 
0.4 0.5 0.6 0.7 0.8 0.9 

1 - O K 

FIG. 5. Potass ium-induced  changes  in methane-  
format ion activity vs  sur face-exposed  ru thenium.  

methane production. Table 5 shows the ex- 
tent to which the contribution of the active 
surface carbon pools to the formation of 
methane was affected by added K ÷ . For the 
K+-free catalyst, C1~ corresponded to 40% 
of the steady-state abundance in the meth- 
ane-destined portion of the carbidic adlayer, 
but it contributed to only 5% of the observed 
methane formation rate. Addition of K + to 
the catalyst led to increases in the relative 
contribution (x') of C1~ to the decreasing rate 
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Fro. 6. K+-induced shifts in the reactivity spec t rum 
for active carbon on Ru/SiO 2. N f ( k )  represents  the  
absolute  densi ty of  CH4-destined C of  reactivity k. 
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TABLE 4 

Initial Sizes of Methane-Destined Active Carbon Pools and Their Average Reactivities 

29 

Catalyst /CCI~ Ncl~ /~c~ Ncl~ /~c 1.//~c]~ 
(s t) (/~mol/g) (s -1) Qxmol/g) 

K00 0.035 4.1 0.48 5.3 14 
K01 0.033 4.3 0.42 3.1 13 
K05 0.017 2.3 0.20 0.99 12 

sK10 0.010 1.4 0.10 0.66 10 

of methane formation due to the relatively 
greater suppression of both the surface con- 
centration and reactivity of C1~. 

3.2. Catalyst Deactivation 

Figure 7 shows that for all the catalysts in 
the series the CO conversion rate decreased 
with time-on-stream, with the most pro- 
nounced deactivation occurring over the 
first 24 h. It appears that upon promotion 
with K +, catalyst deactivation by inactive 
carbon was similar based on a comparison 
of the relative CO conversion rates, al- 
though in absolute terms it was much less. 

Figure 8 shows that for the catalyst series, 
olefin selectivities varied only slightly with 
time-on-stream (TOS). In addition, deacti- 
vation of these catalysts had no significant 
effect on ~hai. which appeared invariant 
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FIG. 7. Time-on-stream CO conversion rates. 

with TOS, but there were minimal increases 
in Scn4 with TOS. However, with time, the 
rates of methane formation of the catalysts 
in the series (Fig. 9) were affected similarly 
as the CO conversion rates (Fig. 7). 

As noted in Table 3, SSITKA indicates 
that for the catalysts in the series kc~ 4 re- 
mained constant with TOS so that, at least 
for methane formation, the loss in activity 
can be wholly attributed to a steady loss 
in the number of active, carbon-containing 
surface intermediates (see Fig. 10). It is 
noted that an approach based on the tradi- 
tionally used TOF would have incorrectly 
attributed the CH4 rate decline upon carbon 
deactivation to a decrease in site activity. 

4. DISCUSSION 

4.1. Potassium Promotion o f  
Initial Synthesis 

Alkali-induced effects on CO hydrogena- 
tion, regardless of how they may actually 
come about, have been reported often (1, 
24-30) and were also observed in this study 

TABLE 5 

Initial Relative Contributions of Methane-Destined 
Active Carbon Pools to the Reaction (x') 

Catalyst x~i~ x ~  

K00 0.05 0.95 
K01 0.10 0.90 
K05 0.16 0.84 

sKl0 0.18 0.82 

Note. x '= kf(k). 
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(Table 2). The SSITKA results reported in 
Table 3 confirm that the alkali indeed works 
to decrease the average reactivity of at least 
the surface carbon that reacted to form 
methane• At the same time SSITKA also 
shows an alkali-induced decrease in the 
steady-state amount of this surface carbon 
(Table 3), but at this point it is not altogether 
clear how such a decrease may have come 
about. In the context of the electrostatic 
approach mentioned in the introduction, 
one may suggest that even though surface 
carbon is more readily formed due to in- 
creased CO dissociation, it becomes more 
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FIG. 9. Time-on-s t ream rate of methane formation. 

difficult to hydrogenate this more tightly 
bound carbon• Thus, the surface may be 
more covered by inactive carbon which 
would not be detected by SSITKA. 

The alkali-promotion mechanism men- 
tioned earlier above may not be complete 
since for a long time it has been known that 
the carbidic layer most likely consists of 
several kinds of surface carbon which have 
different reactivities (31). In fact, the reac- 
tivity spectra in Fig. 6 suggest that incorpo- 
ration of surface carbon into methane oc- 
curs via two separate main pathways 
distinguished by different carbon intermedi- 
ates or different site-carbon interactions. 
Since it can be extremely difficult to identify 
different forms of carbon (8), especially dur- 
ing reaction conditions, we will first attempt 
to make inferences about the effect of K + 
on these pools based solely on the kinetic 
information available from the experiments 
and broadly accepted views of how alkali 
species influence metal surfaces and coad- 
sorbates. Subsequently, the possible nature 
of the two surface carbon pools will be ad- 
dressed in light of our findings• 

4.1.1. Modification of carbon pathways. 
On Ru, the dissociation of CO is fast com- 
pared to the hydrogenation of surface car- 
bon (32, 33). Thus, even though K + en- 
hances the rate of CO dissociation, this 
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dissociation process is probably less im- 
portant in the consideration of the K + modi- 
fication of the reaction. Instead, it is kinet- 
ically more important to focus on possible 
K ÷ modification of other processes such as 
the hydrogenation, chain growth, and deac- 
tivation of surface carbon. 

As indicated by Fig. 6, the two observed 
trajectories for the hydrogenation of surface 
carbon to methane shifted gradually to 
lower reactivities with increasing levels of 
K +. This signifies that promotion did not 
alter the reaction mechanisms involved. If 
alternative paths were possible upon promo- 
tion, one would expect additional peaks to 
appear in the reactivity spectrum while the 
original ones were attenuated. This was not 
the case. Thus, it appears that the two 
methane-destined trajectories of surface 
carbon were only modified by having their 
rates decreased. 

It may not be entirely appropriate to ex- 
plain the site requirements of the two carbon 
pools as they are hydrogenated based on the 
results shown in Fig. 11. This is especially 
so since in order to account for the influence 
of K + on the size of the C~ and C~ pools 
one has to consider several issues simulta- 
neously, including: (i) the geometric site 
blocking effect of the modifier, (ii) possible 
K÷-induced self-poisoning by unreactive 
carbon C~, (iii) possible reaction ensemble 
effects, and (iv) the surface mobility ofreac- 

tion intermediates. This is why Biloen et al. 
(34) pointed out the distinction that should 
be maintained between SSITKA-derived in- 
formation on reaction intermediates and in- 
ferences made about reaction sites that 
these intermediates may be associated 
with. Thus, addressing the underlying reac- 
tion sites requires more information or addi- 
tional assumptions. 

In order to address the modification of 
reaction sites, it is often tacitly assumed that 
one surface intermediate species occupies 
one active metal atom and is laterally con- 
strained; i.e., a single-atom reaction ensem- 
ble approach is used. In certain situations it 
is possible to use a statistical approach (35) 
to estimate the required reaction ensemble 
size from poisoning experiments if it can 
be assumed that the catalyzing surface is 
kinetically uniform and the poison brings 
about only site blocking. However, it is evi- 
dent that assuming uniform surface kinetics 
or inert poisoning would be inappropriate in 
the case of methane formation during K +- 
promoted CO hydrogenation since the alkali 
dopant modifies the reactivity of the carbon 
pools (Fig. 1 la) and it cannot be considered 
to be an inert poison. Therefore, it is not 
possible to determine site requirements 
from Fig. l lb since K + affected the Ncj'S 
both by simple site blocking and by decreas- 
ing the intrinsic hydrogenation rate of sur- 
face carbon. 

Based on spectroscopic and MO studies 
available to date (8, 31, 32, 36-43), we are 
not able at this point to identify with confi- 
dence the nature of the surface carbon in- 
volved in the two main reaction pathways 
suggested by the reactivity spectra. In their 
SSITKA study of methanation on Ni, Soong 
et al. (23) also predicted two main pathways 
for the incorporation of surface carbon into 
methane but they did not attempt to identify 
the nature of these reaction trajectories. The 
SSITKA-derived reactivity distributions for 
Ru- and Ni-catalyzed methane formation in 
a study by de Pontes et al. (19) also sug- 
gested two main reaction pathways for sur- 
face carbon. It is tempting to follow the ex- 
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ample of de Pontes et al. (19) and assign 
the high-reactivity surface carbon pool to 
carbidic carbon and the low-reactivity one 
to short alkyls found in NMR studies by 
Winslow and Bell (32, 33). In these latter 
studies (32, 33) two species were identified 
during CO hydrogenation and the results in- 
dicate carbidic carbon to be more reactive 
than short alkyls upon TPSR with hydrogen. 
However, in our case such an assignment 
may be considered arduous in light of the 
following concerns. 

Firstly, the NMR results (32) show that 
some adsorbed alkyls regress to carbidic 
carbon atoms only after the reaction is inter- 
rupted by flushing the reactor with an inert 
gas. These results do not indicate that during 
CO hydrogenation the short alkyls undergo 
hydrogenolysis to form methane. In fact, 
it is likely that during CO hydrogenation, 
adsorbed alkyls react to form alkanes or al- 
kenes since hydrogenolysis is prohibited 
due to acute CO poisoning of the latter path- 
way (10). Thus, even though it has been 
shown that some C 1 fragments of ethene can 
be incorporated into propene when consid- 
erable concentrations of ethene are co-fed 
during syngas conversion (44), adsorbed al- 
kyls should probably not be viewed as a 
potential carbon reservoir for the more reac- 
tive carbidic surface carbon pool leading to 
methane during CO hydrogenation. 

Secondly, if one considers that the frac- 
tion C1~ in the reactivity spectrum are ad- 
sorbed methyls, there would be a conflict 
with the fact the Cj, pool is more reactive 
than the C1¢ one. That is, there seems to 
be no apparent reason why CH 3 would be 
hydrogenated more slowly than multiply- 
bound surface carbide since the carbon in 
the latter species would have to pass 
through a CH 3 state in order to form meth- 
ane. In light of these concerns, it is not easy 
to accept that C1~ and C~¢ signify carbon 
intermediates leading to methane which are 
carbidic carbon and short alkyls, respec- 
tively. 

An alternative assignment of the carbon 
pools, based on predictions from MO theory 

(39-41) is also arduous. This approach 
would specify that carbidic carbon is hydro- 
genated to form methane by both a surface 
carbide route 

H H H 

I \ /  
C ~ C 

/ j \  / \  
M M M M M 

CH 3 ~ CH 4 

M 

and a terminal-carbene one 

H H H 
I \ /  

C --~ C ~ CH 3 ~  CH 4. 
Ill II r 
M M M 

(3) 

(4) 

Using this approach, reaction via the car- 
bide route is considered to be slower than 
by the carbene one because surface carbides 
are predicted to be more stable as indicated 
by their typically lower total energies 
(39-4i, 45, 46). It should be noted that there 
is spectroscopic evidence which indicates 
the existence of surface carbides (47, 48). 
However, it remains a question whether or 
not terminal carbenes would be stable 
enough to exist as rate-determining surface 
intermediates at typical CO hydrogenation 
reaction conditions. 

Furthermore, using the carbide/carbene 
path assignment, one would expect that sur- 
face carbides would suffer more from the 
alkali's action since, as suggested by the 
electrostatic approach, they may be influ- 
enced by K + adspecies through more than 
one metal atom. Thus, while the carbide/ 
carbene assignment would be compatible 
with the observed decreases in kc~ ~ and kcl~ 
upon promotion, it is not able to account for 
the concurrent decrease in the kcl~/kc~ ~ ratio 
(Table 4). Of course, as discussed earlier, it 
is likely that it is inherently more difficult to 
further stabilize the relatively more stable 
rate-controlling intermediate species of the 
less reactive C~¢ pool. Even so, in light of 
the uncertainty about so many critical 
points, the surface carbide/carbene assign- 
ment remains unsatisfactory. 
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Thus, the SSITKA results are not able to 
shed more light on the chemical nature of 
the surface intermediates, other than to de- 
lineate their kinetic differences. 

4.2. Catalyst Deactivation by Carbon 

For all the catalysts in the series, the reac- 
tion results suggest that even though overall 
catalyst activity decreases with TOS, cata- 
lyst deactivation did not seriously affect the 
product distribution at the prevailing reac- 
tion conditions. It is noted that since no CO2 
was detected in the reactor effluent, carbon 
deposition via the Boudouard reaction is not 
a concern. There were, with time, some 
slight improvements in the olefin selectivity 
(Fig. 8) which would indicate a decrease in 
the hydrogenation rate upon deactivation. 
On the other hand, with time there were 
slight increases in Sc~4 (Table 2). However, 
other critical selectivity parameters such as 
%hain and /~Ch4 did not change significantly 
during 3 days on stream. This offers the 
possibility that the observed, slight changes 
in Sc = and ScH4 may be trivial and that under 
the prevailing reaction conditions the prod- 
uct distribution did not change significantly 
despite the deactivation. It has been re- 
ported often that with TOS the product dis- 
tribution changes to reflect a decrease in the 
hydrogenation rate (49). However, it has 
also been observed that under certain condi- 
tions the product distribution is not affected 
by deactivation, especially if the synthesis 
gas is not hydrogen deficient (49, 50), as was 
the case here with H 2 / C O  = 3. 

From the results it is not entirely clear 
how during catalyst deactivation transfor- 
mation of active carbon into unreactive Cr 
may have taken place. Since at the prevail- 
ing reaction conditions ]£CH4 remained con- 
stant with TOS for the catalysts in the series, 
deactivation does not appear to have af- 
fected the intrinsic hydrogenation rate of the 
methane-destined carbidic intermediates. 
This suggests that catalyst deactivation was 
entirely due to site blockage by unreactive 
C~, with the hydrogenation of active carbon 
intermediates on the unblocked sites contin- 

uing unperturbed. Note that the relatively 
time-invariant product distribution also sup- 
ports the last suggestion. 

Since Cv does not appear to have altered 
the intrinsic hydrogenation/removal rate of 
active carbon intermediates, the fact that for 
the catalysts in the series NcH4 declined to 
a steady-state value (Fig. 10) signifies that 
there must have been a decline in the overall 
formation/deposition rate of active carbon. 
It is unlikely that the intrinsic rate of forma- 
tion of nascent carbon would be significantly 
affected by neighboring C~. The observed 
decreases in Ncn4 with time (Fig. 10) there- 
fore imply that the intrinsic deposition rate 
of nascent carbon may not be the same on 
all metal sites. There are indications that 
on single crystals of Ru, CO dissociation 
occurs preferentially on stepped surfaces, 
and that the resulting C-M bonding of sur- 
face carbon is stronger near the steps (51, 
52). It therefore seems likely that on such 
sites of stronger C-M bonding, which also 
have a higher intrinsic rate of carbon forma- 
tion before being poisoned, C~ is apt to form 
more readily. Once these sites which form 
carbon too fast have been self- 
poisoned by C~, a steady state is eventually 
reached in the abundance of active carbon 
intermediates on the remaining sites as indi- 
cated in Fig. 10. Thus, for the remaining 
active carbon intermediates a kinetic equi- 
librium would be reached in which the in- 
trinsic rates of formation/deposition and hy- 
drogenation/removal are equal, with the 
latter rate controlling the kinetics. Such a 
kinetic equilibrium may possibly explain a 
Fischer-Tropsch study of Ru which showed 
that after a short induction period there was 
no catalyst deactivation, as indicated by sta- 
ble hydrocarbon production rates over a pe- 
riod of six months (53). 

The specific influence that K ÷ may have 
had on catalyst deactivation is not entirely 
clear from our results. The decrease in kcu4 
upon promotion may indicate that K + in- 
creased the C-M bond strength of the sur- 
face so that there was initially less reactive 
carbidic carbon available for hydrogenation 
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upon promot ion.  As indicated by  Fig. 10, at 
initial react ion fewer  react ion si tes/ interme- 
diates remained act ive (at somewhat  lower 
reactivity) upon promotion.  It  is possible 
that  most  of  those sites which tended to 
deact ivate  were  already lost initially due to 
the excess ive  C - M  bonding induced by 
K + . This would mean that  upon promot ion  
the C~ adlayer  may  have been larger at "ini- 
t ial" react ion conditions as defined here (20 
rain on stream). It  is clear that  such an inter- 
pre ta t ion would not require any additional 
functions for K + beyond  those that  were  
observed  at initial react ion.  

5. CONCLUSIONS 

Potass ium-promoted ,  Ru-cata lyzed CO 
hydrogenat ion and its deact ivat ion by  car- 
bon were  studied using conventional  steady- 
state react ion analysis augmented  by  
S S I T K A  of methane-des t ined surface car- 
bon. The s teady-sta te  product  analysis 
showed that upon K + promot ion  there was 
a general increase in the hydrocarbon  chain- 
growth probabil i ty and the olefin selectivity. 
Such results are typical  of  what  others have 
obse rved  before (26, 27).  

S S I T K A  indicates that  during CO hydro-  
genation the incorporat ion of  carbidic car- 
bon  into methane  was regulated by  two sur- 
face trajectories: a high-reactivity path  (C1~) 
and a low-react ivi ty one (C1~). Upon  alkali 
p romot ion  both  the C ~  and C ~  pools were  
held up longer on their respect ive  trajector- 
ies while their s teady state abundances  also 
decreased.  Both in te rms of its react ivi ty 
and abundance,  the C1~ pool  was affected to 
a slightly greater  extent  than the less reac- 
tive C ~  one. The results are consistent  with 
the view that on dispersed Ru catalysts ,  
alkali modifiers increase m e t a l - c a r b o n  
bonding which leads to a reduct ion in the 
hydrogenat ion rate of  surface carbon inter- 
mediates.  

Product  analysis indicates that  at prevail-  
ing react ion conditions on a re la t ive  basis 
K + did not appear  to have stabilized catalyst  
activity with t ime-on-s t ream;  however ,  on 
an absolute basis,  there were  differences. 

For  all the catalysts in the series, the overall  
product  distribution did not vary signifi- 
cantly with T O S ,  and S S I T K A  revealed  
that, for these sequentially doped,  K+-p ro  - 
rooted Ru/SiO 2 catalysts ,  the average  intr in-  

s ic  turnover  f requency of the sites produc-  
ing methane  (/?cue) did not vary  with time- 
on-stream. This suggests that  unreact ive  
carbon did not bring about  site modification; 
rather,  it only resulted in simple site 
blocking. 
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