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Abstract--Co/Y-zeolite catalysts were prepared by three different preparation methods of excess-water 
(EW), ion-exchange(IE) and carbonyl complex-impregnation(C0, and they were deposited by carbon through 
the disproportionation of carbon monoxide al different temperatures. CO hydrogenation was performed on 
the fresh and carbon deposited Co/Y-zeolite catalysts respectively, and the results were compared with each 
other. CO hydrogenation was carried out in a differential reactor operating at atmospheric pressure, tempera- 
ture of 270-400~ and H2/CO ratio of 2. Temperature programmed surface reaction (TPSR) of carbon deposits 
was performed in a thermogravimetric flow system to obtain a better understanding of the carbon deposits. 
The large cobalt metals existing mainly at the exterior surface of zeolite crystals in the EW catalyst had a great 
affinity to carbon deposits, but the small cobalt metals in the IE and CI ones were highly resistant to carbon 
deposits. The hydrocarbon product distributions were hardly affected by carbon deposits, while the produc- 
tion of olefinic hydrocarbons was enhanced significantly. 

INTRODUCTION 

Long history of CO hydrogenation has mainly aim- 
ed at improving the product selectivity, and metal- 
containing zeolite catalyst system has recelltly ap- 
I:,eared as a promising candidate for the control of pro- 
duct selectivity in CO hydrogenation because zeolite 
can be used to prepare catalysts containing highly dis- 
persed metals, to show molecular-sieving select:ivity 
and to induce polyfunctional activity. Cobalt clusters, 
which were restricted into the pores of zeolites, have 
been reported to show anomalously high selectivity for 
certain hydrocarbons under specific conditions. Nazar 
et al. [I] have reported that main products are C4 ole- 
fins on finely dispersed cobalt metal in NaY zeolite. 
C.obalt metal in A zeolite yielded propylene as the sole 
product [2]. Tkatchenko et al. [3,4] have shown that 
small cobalt metallic aggregates in NaY zeolite are the 
prerequisite to induce a hydrocarbon chain length 
limitation. 

In our laboratory Co/Y-zeolite catalysts were em- 
ployed for CO hydrogenation as the candidates for the 
improvement of product selectivity [5,6]. The finely 
dispersed cobalt metals in NaY zeolite turned out to be 
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able to produce C3 and C4 hydrocarbons in large quan- 
tities. Although the finely dispersed cobalt metals are 
excellent for the synthesis of certain hydrocarbons, 
their durability during the reaction is also important. 
Agrawal et al. [7] observed that cobalt catalyst deac- 
tivates more rapidly by carbon deposits as compared 
with nickel and ruthenium catalysts. In addition carbon 
deposition rate was known to be more rapid on smal- 
ler metal particles [8,9]. Therefore the outstanding ad- 
vantage of finely dispersed cobalt metals for the impro- 
vement of product selectivity may have the possibility 
to be cancelled out by the affinity of the catalysts to 
carbon deposits. In the present study, Co/Y-zeolite 
catalysts were prepared by three different preparation 
methods of excess-water(EW), ion-exchange(IE) and 
carbonyl-complex impregnation(Cl), and their beha- 
viors for carbon deposition as well as the effects of car- 
bon deposits on CO hydrogenation over the catalysts 
were investigated. 

EXPERIMENTAL 

Catalyst and Materials 
Three different preparation techniques of the ex- 

cess-water(EW), ion exchange (IE) and carbonyl com- 
plex-impregnation (C[) were used to prepare Co/Y-zeo- 
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lite catalysts. The NaY zeolite support was supplied 
from Strem Chemicals and had unit cell composition 
of Nas49[(A]O~)54.9(SiO2)137.~]. The EW catalyst was 
prepared by mixing NaY zeolite powders continuously 

at 85~ for 24 h with an aqueous Co(NO3)2.6H~O solu- 
tion to have 10 wt% cobalt loading, followed by the 
evaporation of water at 85~ for 24 h. For the prepara- 
tion of the IE catalyst Co(NOs)2.6H20 was dissolved in 
a weakly acidic hydrochloride solution (pH = 4.5-4.8) 
to have a concentration of 0.04 N and was mixed with 
5 g NaY zeolite by stirring at 85~ for 48 h. By repea- 
ting the ion-exchange four times the [E catalyst having 
9 wt% cobalt loading could be obtained. The CI cata- 
lyst having 10 wt% cobalt loading was prepared by 
physically dispersing cobalt carbonyl [Co2(CO)8] dis- 
solved in n-pentane on NaY zeolite, followed by the 
decomposition of cobalt carbonyl to cobalt metal. The 
impregnation took place in an evacuated, sealed cell 
over a period of 12 h at -10~ The mixture was then 
warmed showly to room temperature in vacuo over a 
period of 2 h, and was maintained under a dynamic 
vacuum of 10 -3 torr. All subsequent manipulations 
were performed in a glove box with argon-atmos- 
phere. All the catalysts were reduced with hydrogen 
by heating to 500~ at 2~ linearly and holding 
at the temperature for 18 h. 

Hydrogen apd helium (Matheson, 99.999% purity) 
were further purified by passing through an Oxytrap 
(Alltech) followed by a molecular sieve trap, Carbon 
monoxide (Takachiho, 99.95% purity) was passed 
througE a molecular sieve trap to remove water and 
metal carbonyls. 
Characterization 

The measurements of the amount of carbon de- 
posited and the temperature programmed surface re- 
action (TPSR) of carbon deposits were performed in a 
thermogravimetric flow system. Ten to fifteen mil- 
ligram samples were placed in a platinum container 
and were reduced with hydrogen at 500~ for 18 h. 
The stream of hydrogen was then switched to that of 
helium and the sample was remained for another 30 
rain at 500~ followed by the cooling to the tempera- 
ture of carbon deposition. Carbon was deposited 
through the disproportionation of carbon monoxide (2 
CO---~C + CO2) flowing at 20 cc/min over the suspen- 
ded sample at each deposition temperature (250, 300, 
350 and 400~ for 4 h. After the sample being cooled 
to room temperature under helium stream, TPSR ex- 
periments were carried out with flowing hydrogen at 
20 cc/min by heating the sample linearly at 20~ 
min. 
CO Hydrogenation 

CO hydrogenation reaction was performed in a dif- 
ferential reactor operating at atmospheric pressure. 

The H2/CO ratio was 2 and the reaction temperature 
was varied from 270~ to 400~ Products were sepa- 
rated in a 4 ft• 1/8 in column packed with Chro- 
mosorb 102 and were analyzed in a gas chromato- 
graph (Hewlett Packard 5710A) with TCD and FID de- 
tectors connected in series. The column temperature 
was held for 2 rain at 50~ and then programmed to 
150~ at 16~ 

RESULTS AND DISCUSSION 

Thermogravimetr ic  Analys is  
Tile changes in the size and location of cobalt 

metal particles with three different preparation me- 
thods were investigated previously [5]. Cobalt metals 
in the EW catalyst were very bulky in size and existed 
mainly at the exterior surface of zeolite crystals, while 
no cobalt metals of detectable size could be observed 
in the IE and CI catalysts. 

Figure 1 shows a series of TPSR curves of the EW 
catalyst for the reaction between the carbon deposits 
and hydrogen. Results obtained from Figure 1 confirm 
that two forms of carbon, a relatively active and a rela- 
tively inactive form based on their reactivity toward 
hydrogen, are deposited on the surface of cobalt me- 
tals in the EW catalyst during the disproportionation of 
carbon monoxide. Two peaks at 200~ 10~ and 
400-+- 10~ are close to those at 199 and 403~ for 
atomic carbon and polymeric carbon respectively, 
which were designated on Ni/AI203 catalyst by McCar- 
ty and Wise [10]. With increasing deposition tempera- 
ture, the fraction of atomic carbon decreases signifi- 
cantly and the formation of less active polymeric car- 
bon increases. Adsorbed CO on cobalt surface was 
known to undergo dissociation above 150~ forming 
surface atomic carbon species [11]. The decreasing 

x 
-'~ 4o 

32 

E 
24 

g 81 
C3 : 

D 

d 

/r~ Deposition Temperature / 
A/ \ A: 400 ~ qlO0 

l i t ' !  \ A o /\ 
///-,. \ / \ 40 

100 200 300 400 500 600 
Temperature (~ 

~ r  

X 

E 
0) 

Fig. 1. TPSR curves of the carbon deposits with hy- 
drogen on the EW catalyst. 
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fraction of atomic carbon with increasing deposition 
temperature is suggestive of the configurational trans- 
formation of atomic carbon into polymeric, crystalline 
graphitic carbon and bulk metal carbide [11-14]. 

In the IE and C1 catalysts where cobalt metal par- 
ticles were proved to be finely dispersed inside the 
zeolite pores [5], however, the amounts of carbon 
deposits were negligible, indicating that the small 
cobalt metal particles in the pores of zeolite are very 
resistant to carbon deposits. This result is highly in- 
compatible with the previous reports that the surface 
having lower coordination number sites :~s more favor- 
able for the formation of carbon [15] and the carbon 
deposition rate is more rapid on smaller metal parti- 
cles [8,9]. Although the reason for the amomalously 
high resistance of small cobalt metals in the IE and CI 
catalysts to carbon deposition has yet to be answered 
in detail, the specific environments of the zeolite pores 
which envelope the small cobalt particles seem to 
have played an important ro[e in protecting the cobalt 
metals from carbon deposition. 
C O  H y d r o g e n a t i o n  

Figure 2 shows the changes in the ncrmalized rate 
of CO hydrogenation with increasing deposition tem- 
perature from 250 to 400~ The rate in the EW cata- 
lyst decreases only slightly after deposition at 250~ 
for 4 h, while above 50-fold decrease in rate is observ- 
ed at the deposition temperature of 400~ Aforemen- 
tioned results for TPSR experiments showed that the 
atumic carbon in the EW catalyst transforms morpho- 
logically into polymeric and graphitic carbon with in- 
cre.asing temperature of carbon deposition. The highly 
inactive polymeric and/or graphitic carbon seem to be 
prevalent on cobalt surface at the deposition tempera- 
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Fig. 2. C h a n g e s  In the  normal i zed  rate  of CO hydro-  
genat ion  wi th  depos i t i on  t e m p e r a t u r e  ( ' lhe 
rates  w e r e  m e a s u r e d  at 270~ 

ture of 400~ Accordingly the significant drop in rate 
with increasing deposition temperature seems to result 
from the blockage of active sites by the less active 
polymeric and/or graphitic carbon. The rates in the IE 
and CI catalysts, however, decrease only slightly as 
compared to that in the EW catalyst, which manifests 
itself when remembering the negligible formation of 
surface carbon on the small cobalt metallic aggregates 
restricted into the pores of the zeolite. On cobalt [7,16] 
and ruthenium [17] catalysts which had been deposi- 
ted by inactive carbon, the activation energy was re- 
ported to decrease significantly. In Figure 3 are shown 
the Arrhenius plots of the Co/Y-zeolite catalysts which 
were previously deposited by carbon monoxide at 
400~ for 4 h. The EW catalyst has activation energy 
(or slope) of 17 Kcaltmole, while the activation 
energies of the IE and CI catalysts are almost the same 
as those obtained for the fresh catalysts. The activation 
energies of the fresh IE, C[ and EW catalysts were 28.5, 
29.3 and 31.5 Kcallmole, respectively. From the Ar- 
rhenius plots for the fresh Co/Y-zeolite catalysts 
(Figure 4), a certain shift in activation energy (or slope) 
is known to occur in the EW catalysts around 350~ 
and the activation energy which was calculaled from 
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Fig. 3. A r r h e n i u s  p lots  of  the  c a r b o n  d e p o s i t e d  Co/  
Y.zeo l l te  ca ta lys t s  at 4OO~ 
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Fig. 4. Arrhenius  plots  of the fresh  Co/Y-zeol i te  
catalysts .  

the slope at higher than 350~ has the same value as 
that obtained on the catalyst which had been deposi- 
ted by carbon monoxide at 400~ for 4 h. In the IE and 
CI catalyst, however, no decline in activation energy 
upto 400~ is observed Above result for the activation 
energy provides a further evidence for the high resis- 
tance of the IE and C[ catalyst to the deactivation by 
carbon deposits. 

The effect of carbon deposits on the hydrocarbon 
product distribution on the EW catalyst is shown in 
Table 1. The distribution was obtained at about 0.5% 
conversion. The products are represented as the 
number of carbon atoms per molecule and their re- 

Table I. Effect of carbon depos i t s  on the  hydrocar- 
bon product  distr ibution in the  EW catalyst  
(reaction temperature  -- 270~ 

Deposition 
Tern perature 

(~ 

Product distribution (wt %) 

e l  C2 C3 C4 C 5 

* 54.9 11.2 18.1 10.4 5.4 

250 56.2 10.9 17.8 11.1 4.0 

300 54.2 8.9 19.4 12.1 5.4 

350 55.6 10.4 17.1 1].6 5.3 

400 52.7 12.1 17.6 10.1 7.5 

* The catalyst which was not previously deposited by carbon. 
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spective concentrations are listed as weight percent. 
3"he effect of carbon deposits is known to be almost 
negligible irrespective of the temperature of carbon 
deposition. As expected, the product distributioi~s of 
the 1E and CI catalysts were not influenced by carbon 

deposits. 
The influence of carbon deposits on the olefin frac- 

tion is even more dramatic. The olefin fractions in the 
EW catalyst increased significantly as the catalyst was 
deposited by carbon monoxide at increasing tempera- 
ture, and eventually olefinic hydrocarbons became to 
appear as the main products on the catalyst deposited 
at 400~ for 4 h (Figure 5). As suggested by Agrawal et 
al. [16] the shift in selectivity of paraffins to olefins is 
believed to be due to the reduction in the ability of the 
hydrogenation of primarily formed olefins to the cor- 
responding paraffins on the deactivated catalyst. 

CONCLUSIONS 

Co/Y-zeolite catalysts were prepared by the three 
different preparation methods, i.e., excess-water(EW), 
ion-exchange(IE) and carbonyl complex-impregnation 
(CD, and their behaviors for the deactivation by carbon 
deposits were investigated. 

The large cobalt metals existing mainly at the ex- 
terior surface of zeolite crystals in the EW catalyst had 
a great affinity to carbon deposits, while the finely 
dispersed metals in the IE and CI ones were highly 
resistant to carbon deposits. Carbon deposits on the 
surface of the EW catalyst hardly affected the hydrocar- 
bon product distribution, while significant enhance- 
ment in the production of olefinic hydrocarbons was 
observed. 
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