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The Fischer- Tropsch synthesis reaction was conducted in a supercritical fluid 
medium using a fixed-bed reactor. Tailor-made catalyst supports which had sharp 
pore diameter distributions were prepared by the pHswing method. The relationships 
between the catalyst pore structure and the catalytic activity or the product distri- 
bution were studied. The influence of the catalyst pore size on the mass transfer of 
reactants and products was also characterized. The catalyst pore size affected not 
only catalytic activity but also product selectivity. The diffusion of reactants inside 
the catalyst pellets in the supercritical fluid media was simulated and the effects of 
catalyst pore size and catalyst particle size on catalytic performances were consistent 
with simulation results. 

Introduction 
As a new reaction phase brought into the classical Fischer- 

Tropsch (F-T) synthesis reaction process, the supercritical phase 
F-T reaction showed unique characteristics such as quick dif- 
fusion of reactant gas, effective removal of reaction heat, and 
in situ extraction of high molecular weight hydrocarbons (wax) 
(Yokota and Fujimoto, 1989-1991). 

The F-T synthesis reaction, which has been commercially 
operated using the solid-catalyzed gas-phase reaction, was 
inevitably accompanied by the local superheating of the cat- 
alyst surface as well as the production of heavy wax. The local 
superheating of the catalyst may cause the deactivation of the 
catalyst and also an increase in the methane formation. Heavy 
wax, which does not vaporize under the reaction conditions, 
may plug the micropores of the catalyst and, in some cases, 
the catalyst bed itself. 

The slurry-phase F-T reaction process, on the other hand, 
in which a slurry of the catalyst particles in mineral oil is used 
as a reaction medium, has been developed to overcome the 
defects of the gas-phase process (Koelbel and Ralek, 1980; 
Satterfield and Stenger, 1985). However, the diffusion of syn- 
thesis gas in the micropores of the catalysts was so slow in the 
slurry phase that the overall reaction rate was lower than that 
in the gas-phase reaction (Stern and Bell, 1983; Fujimoto, 
1987). 

It has been known that a supercritical fluid has a unique 
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characteristic in its molecular diffusion and its solubility pa- 
rameter (Debenedetti and Reid, 1986). We have studied the 
reaction performances of the supercritical F-T synthesis re- 
action from the viewpoint of the extraction capability of var- 
ious solvents (Yokota et al., 1991). 

In the present work, one of the main goals was to determine 
how the pore size of the catalyst affects the transfer of reactants 
and products in the supercritical-phase F-T synthesis reaction. 
In addition to the study of the reaction performance of the 
catalysts with different micropore size, the effect of the contact 
time of the reactant with the catalyst was also investigated. 

Experimental 
Catalyst preparation 

Alumina-supported ruthenium catalysts were prepared by 
impregnating y-alumina with ruthenium chloride from its 
aqueous solution (Fujimoto et al., 1983). The alumina supports 
with different pore size were prepared from aluminun nitrate 
and ammonia with the pH swing method (On0 et al., 1982). 
After precipitation with suitable times of pH swing, the re- 
sulting materials were calcined at 600°C for 2 h and were 
impregnated as mentioned above. Composition of the catalysts 
was Ru:2 and A1,03:98 by weight. The catalyst precursors were 
dried overnight at 120°C in ran air oven, and were then calcined 
at 450°C for 2 h to form a supported metal oxide and to make 
the ruthenium oxide particles grow on the surface (Fujimoto 
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Figure 1. Reaction apparatus flow sheet. 

and Kajioka, 1987). The catalysts were reduced in a hydrogen 
flow at 150"C, and 300°C for 1 h, respectively, and at 400°C 
for 2 h in series and then passivated; they were reduced again 
at 400°C for 2 h in situ before catalytic reaction. The series 
of Ru on pH swing A1203 is noted by the frequency of the pH 
swing. 

Apparatuses for  reaction and analysis 
The reaction apparatus of the supercritical-phase reaction 

was similar to that of a conventional, pressurized, fixed-bed 
flow reactor system. The only difference was that a vaporizer 
and an ice-cooled high-pressure tap were set upstream and 
downstream of the reactor, respectively, as shown in Figure 
1. N-hexane (C6H,J, whose critical temperature and critical 
pressure are 233.7"C and 29.7 bar, respectively, was chosen 
as the supercritical solvent. The standard reaction conditions 
were T =  240"C, P(tota1) = 45 bar, P ( C 0  + H,) = 10 bar, 
P(ba1ance gas) = 35 bar, CO/H, = 1/2, W/F(CO + H,) = 10 g 
of catalyst h.mol-I. Argon was used as internal standard with 
the concentration of 3% in the feed gas. 

Reaction temperature was defined with the highest temper- 
ature of the catalyst bed, measured by a thermocouple which 
was placed along the center of the catalyst bed. Temperature 
profiles of the catalyst bed distributed within 1-2°C in the 
supercritical phase reaction. 

Gaseous compounds were analyzed on-line by gas chro- 
matographs. CO, CH4 and C 0 2  were analyzed by using an 
activated charcoal column with a thermal conductivity detector 
(TCD). Light hydrocarbons (Cl-C,) were analyzed by a Po- 
rapak-Q column with a flame ionization detector (FID). Hy- 
drocarbons dissolved in the solvent were analyzed with Silicone 
SE-30 and Dexil-300 GC columns with flame ionization de- 
tectors. Capillary columns (OV-1 bonded and OV-1701 bonded) 
were employed for the precise analysis of the products. Each 
reaction was conducted for 6 h. Extracted products were de- 
termined by extracting the remaining product with n-hexane 
at 250" for 1 h after reaction. The chain-growth probability 
(a  value) of the product was defined by the Anderson-Schulz- 
Flory plot of the products, in which the carbon number ex- 
tended from C3 to CZs (Madon, 1979). 

The dispersion of ruthenium metal was determined by means 
of hydrogen chemisorption. Chemisorption was measured at 
room temperature by using a flow-through cell connected to 
a glass vacuum system. Catalyst samples were first activated 
in flowing hydrogen in situ at 150°C for 1 h and at 450°C for 
2 h, then evacuated at 450°C for 1 h. The metal dispersion 
was calculated assuming one hydrogen atom which was chem- 

isorbed by one surface ruthenium atom. The particle size of 
ruthenium metal was calculated from the equation D= 1 l/(H/ 
Ru), where D is the diameter in angstroms and H/Ru is the 
ratio of the number of hydrogen atoms adsorbed divided by 
the number of Ru atoms in the catalysts (Anderson, 1975). 

The measurement of the pore distribution of the catalysts 
was conducted with a mercury porosimeter (Shimadzu 9200). 
X-ray diffraction (XRD) measurements were conducted with 
a Rigaku Rotaflex instrument using CuKa irradiation (40 kV, 
100 mA). 

Results and Discussion 
Physical structures of Ru/A1203 catalysts 

The pore-size distributions of pH-swing catalysts are shown 
in Figure 2. When the swing times increased from I to 10, the 
mean pore size of the catalyst increased from 8.5 nm to 33.5 
nm and the specific surface area of the catalyst measured by 
BET method was reduced from 227 m2/g to 139 m2/g as well 
(Table 1). 

Alumina is a kind of amphoteric oxide and it can precipitate 
in the form of pseudo-boehmite [AlO(OH)] when the pH is 

Table 1. Physical Characterization of Ru Catalysts 

Catalyst SWl SW3 SW4 SW6 SWlO 

Mean 

(nm) 
Pore Size 8.5 11.4 20.0 27.0 33.5 

Pore Volume 
(cm3/g) 

0.67 0.86 1.07 1.20 1.34 

Specific 
Surface Area 227 210 184 164 139 

(m244 

41 53 79 100 Metal Size by 
H, Adsorption ( A )  37 
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Figure 3. Hydrocarbon distribution of the products on 
supported ruthenium catalysts. 
2 wt. To Ru on pH-swing aluminas, 240'C, 4.5 MPa (syngas 1.0 
MPa, n-Cs 3.5 MPa), CO/H,= 112. W/F(syngas)= 10 g cat.h/ 
mol. 

kept between 8 and 10. As the amorphous aluminum hydroxide 
precipitate is also formed in this pH area, the resulting gelatin 
was the mixture of pseudo-boehmite and hydroxide particles 
with different sizes. Changing the pH value to the acidic side 
(pH = 2 or 2.5) would make aluminum hydroxide dissolve and 
only pseudo-boehmite was left. Aluminum salts of both acid 
and alkali were admixed alternately in the gelation process 
accompanied by a swinged pH value between 2 and 10. The 
aggregation of pseudo-boehmite particles only and the uniform 
growth of the pseudo-boehmite crystal were available by this 
way. Porous alumina could be obtained by the dehydration 
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Figure 4. Relationship between mean pore size and Ru 

metal dispersion, the maximum CO conver- 
sion or the chain-growth probability. 
The same reaction conditions as in Figure 3. 

of pseudo-boehmite. When the pH values, swinging frequency 
and the reaction time under a specific pH value were changed, 
various kinds of alumina with different pore sizes can be pre- 
pared. 

It is shown in Table 1 that the mean metal particle size 
increased from 3.7 nm to 10 nm as the specific surface area 
decreased. We reported that ruthenium chloride was converted 
to ruthenium oxide during air calcination and it can move 
easily on the carrier and aggregate into larger particles, as 
expected due to its high sublimation characteristics (Fujimoto 
et al., 1985). 

It should be noted that XRD and chemisorption method 
were employed to investigate the possible change through re- 
action for used catalysts. No obvious changes occurred on 
them except tiny wax stayed inside. It has been found that 
alumina-supported Ru particles larger than 3 nm were stable 
and no agglomeration or loss of ruthenium was observed 
(Abrevaya et al., 1990). 

The reaction behavior of the Ru catalysts with different 
pore size 

In Figure 3 are shown the carbon 
number distributions of the products on the SW3, SW6, and 
SWlO catalysts whose mean pore sizes are 11.4, 27.0 and 33.5 
nm, respectively. The activities and selectivities of the catalysts 
are markedly different from one another, depending on the 
pore structure, even if they are loaded with the same amount 
of ruthenium. It is found that the product distribution of the 
SWlO catalyst was wider and the proportion of the heavy 
hydrocarbon was high. On the other hand, the catalyst having 
a small pore size, such as the SW3 catalyst, tended to produce 
relatively lighter hydrocarbons. 

Figure 4 shows the CO conversion, the dispersion of ru- 
thenium from hydrogen adsorption, and the chain-growth 
probability as a function of catalyst pore diameter. It is clear 
from the data in Figure 4 that the chain-growth probability of 
the Ru catalysts increased while the Ru dispersion decreased 
with the increase in the pore diameter. The high ability of 
carbon-carbon bond formation of the large pore catalyst should 
be attributed to its large Ru particles. It has been already 
pointed out that the propagation of the carbon-carbon chain 
occurred more easily because the ruthenium particle size be- 
came larger on the catalysis with lower specific surface area 
(Nijs and Jacobs, 1980; Fujimoto et al., 1985). The increased 
chain-growth probability occurring on the catalyst of larger 
pore size might be attributed to the larger ruthenium particle 
size as well as the larger and uniform pore size (Table 1). The 
dispersion of the supported ruthenium metal and the pore size 
of the catalyst show their close relationship with the propa- 
gation of the carbon chain even in the case of supercritical 
phase reaction. This may be regarded as evidence supporting 
the suggestion that the supercritical fluid (n-hexane) should 
show little effect on the reaction mechanism itself. 

Table 2 shows the reaction behaviors of the SW3, SW6, and 
SWlO catalysts. The activity of the SWlO catalyst was slightly 
lower than that of the SW3 or SW6 catalyst. The principal 
factor which controlled the catalytic activity is discussed in the 
following session. 

The ratio of the hy- 
drocarbon product which was extracted from the catalyst bed 

Carbon Chain Growth. 

Mass transfer in the catalyst pores. 
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Table 2. Reaction Behavior in the Supercritical Phase of the 

Catalyst sw3 SW6 SWlO 

Catalysts with Different Pore Size 

~~ 

CO Conversion 
m) 37 35 32 

18.4 17.1 15.7 Total Products (a) 
(C mmol/e cat. h) 

0.66 0.46 0.32 Extracted Products (b) 
(C mmoI/g cat. h) 
Residual Ratio (To) 

(b)/(a) 3.6 2.1 2.0 

Methane Selectivity 
1%) 

6.6 3.1 2.3 

Avg. Olefin 
Content (To) 

41.7 49.3 52.6 

after each reaction to the total amount of the hydrocarbon 
product (residual ratio) is an important index for the Fischer- 
Tropsch synthesis reaction. We reported that the residual ratio 
in the supercritical-phase reaction was remarkably lower than 
that in the gas-phase reaction and was similar to that in the 
liquid-phase reaction (Yokota and Fujimoto, 1989). It is clear 
from the data in Table 2 that the residual ratio of the products 
decreased with increased catalyst pore size, in spite of more 
waxy products formed on the large-pore catalyst because of 
its high chain growth probability. This fact reflects that the in 
situ extraction of the product by the supercritical fluid occurred 
more effectively for the catalyst with larger pores. The fine 
balance between the rates of the product desorption from the 
catalyst surface and its transfer from the catalyst pores is the 
characteristic feature for the effective overall transfer of the 
product in the supercritical phase reaction (Yokota and Fu- 
jimoto, 1991). It is clear from the data that the transfer of the 
desorbed product inside the pores was more rapid and more 
efficient for the large pore catalyst, as expected, even if its 
higher chain growth probability made product more waxy. 

The discussion above might be also supported by the result 
of the olefin content and the methane selectivity in the prod- 
ucts. The average olefin content of the product on SWlO 
catalyst was 53% while that on SW3 catalyst was 42%. In the 
F-T synthesis reaction, 1-olefins are generally produced as the 

SW6 
40 c I 

2ot /'r 
Time on Stream (hr) 

Figure 5. Pore size effect on the activity change of Ru 
catalysts. 
The same reaction conditions as in Figure 3. 

primary products and are successively hydrogenated to par- 
affins (Storch et al., 1951; Henrici-Olive and Olive, 1984; An- 
derson, 1984). When the pore size is larger, the transportation 
of the primary product is more effective and relevantly the 
degree of secondary hydrogenation of olefins is lower. The 
methane selectivity shown in Table 2 is the lowest for the largest 
pore catalyst. Methane can be formed directly from syngas as 
primary product, also it can be formed by hydrocracking of 
primarily formed 1-olefins on the ruthenium catalyst. In fact 
the change of chain growth probability hardly shows effect on 
methane selectivity. So the decrease of methane formation for 
larger pore catalyst might be mainly attributed to the quick 
diffusion of 1-olefins inside pores and the lower possibility for 
secondary hydrocracking. Due to the highly effective diffusion 
of the primary product (mainly I-olefin) from the inside of 
the catalyst, especially in the case of the catalyst with the largest 
pores, the probability of the secondary reaction of 1-olefin 
was lower, thus the degree of the secondary hydrogenation 
and the hydrocracking was lower. As a result a lower methane 
selectivity can be achieved for the large pore-size catalyst in 
the supercritical phase reaction. 

Influence of pore size on the activity of Ru catalysts 
Influence of pore size on the durability of Ru/Al,O, 

catalyst. The change of catalytic activity with reaction time 
is shown in Figure 5 .  SW1 and SW6 represent Ru catalysts 
with smaller and larger pore sizes, respectively (see Table 3). 
It could be found that the small-pore catalyst exhibited low 
catalytic activity, reached the maximum conversion soon, and 
then decreased to a lower level. On the other hand, the activity 
of the catalyst of larger pore size was high and changed grad- 
ually. The reason for this phenomenon is not clear yet. 

Catabtic activity as a function of pore size. The apparent 
rate constant increased, as shown in Figure 4, with increasing 
pore diameter to reach a maximum at around 15 nm and then 
gradually decreased with further increase in the pore size. This 
phenomenon is explained in terms of two reasons. One is that 
the catalyst with a small pore size owns a larger specific surface 
area and the ruthenium metal dispersion is highest. It was 
reported that the turnover frequency (TOF) of this reaction 
on alumina-supported ruthenium catalysts under atmospheric 
conditions decreased with an increase in the dispersion (King, 
1978; Kellner and Bell, 1981). We also reported that under 
pressurized conditions the specific activity of supported ru- 
thenium catalysts increased as the dispersion decreased, irre- 
spective of the carrier materials (Fujimoto et al., 1985). In 
fact, as is clear from the data in Figure 4, the ruthenium 
dispersion determined by hydrogen chemisorption decreases 
with increasing pore size. Another reason is that the modal 
pore size of the catalyst was so small that the diffusion of 
syngas was remarkably retarded. In fact, not only the con- 
centration of the reactants inside the pores but also the effec- 
tiveness factor of the catalyst was decreased when the mean 
pore diameter of the catalyst was small, especially in the liquid- 
phase reaction (Fujimoto, 1987) and also in the supercritical 
phase. This concept will be simulated in the latter session. 

Temperature characteristics of the catalysts with various 
pore size. Figure 6 shows the Arrhenius plots of the CO 
conversion rate of three kinds of ruthenium catalysts with the 
same particle size (2 mm), in which the mean pore size varies 
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Table 3. Simulation Results for pH-Swing Catalysts 

Catalyst sw-I sw-3 sw-4 SW-6 sw-I0 

H / R u  Ratio 0.30 0.27 0.21 0.14 0.11 

k (s-') 8.1 7.3 5.7 3.8 3.0 

Pore Size ( A )  84 120 200 270 335 

R (mm) 0.5 0.5 0.5 0.5 0.5 
D,, m2/s) 2.13 4.91 11.4 16.7 21.8 
D,, m2/s) 1.54 3.55 8.26 12.0 15.7 
Thiele Modulus 4 10.3 6.4 3.7 2.5 1.95 
Catalyst Effective Factor q 0.094 0.148 0.245 0.345 0.424 

k ?  0.76 1.08 1.39 1.31 1.27 

from 8.5 nm to 30 nm. In the case of a small mean pore size 
(8.5 nm, SWl),  the apparent activation energy was only 17 
kcal/mol, which was remarkably lower than those of the 
catalysts with mean pore sizes larger than 10 nm. 

As proven elsewhere (Madon and Boudart, 1982), when the 
diffusion of reactant limits the overall reaction rate, the ap- 
parent activation energy of the reaction is indicated by the 
arithmetical mean of the two apparent activation energies in 
the diffusion-controlled regime and in the reaction-controlled 
regime. As we have seen in Figure 6 ,  the apparent activation 
energy decreased with a decrease in the pore size of the catalyst. 
The lower catalyst activity and the lower apparent activation 
energy for the catalyst with smaller pores should be attributed 
to the low rate of synthesis gas diffusion in the catalyst pores 
compared to the rate of the surface reaction, resulting from 
the high ratio of the reaction rate to the mass-transfer rate 
when the surface area to pore volume ratio is high (Table 1). 

270 260 250 231 

I 17 kcallmol u\ 

=r 8.5 n m ' 
I I I I 

1.85 1.90 1.95 

(in x lo3) 
Figure 6. Arrhenius plots of CO conversion rate of Ru 

catalysts with various pore size. 
Catalyst particle size: 2 mm, 2 wt. qo Ru on pH-swing alumina, 
SW-l(8.5nm), SW-3(11.4nm)andSW-9(30.0nm).Thenumber 
in parentheses is the catalyst pore size in nanometer. Pressure: 
4.5 MPa (syngas 1 .O MPa, n-hexane 3.5 MPa), CO/H2= 1/2, W/ 
F(syngas) = 2 g cat. h/mol. 

The high reaction to mass-transfer ratio should be more em- 
inent in the small pore catalyst and at high reaction temper- 
ature. 

In our previous reports (Yokota et al., 1990; Yokota and 
Fujimoto, 1991), the influence of catalyst particle size on the 
rate constant was inspected in the gas-phase and supercritical 
phase F-T reaction. It was found that the apparent activation 
energy for gas-phase reaction was not influenced by catalyst 
particle size but in the supercritical reaction, when the catalyst 
particle size increased, the reaction rate and the apparent ac- 
tivation energy decreased. Because mass-transfer rate in su- 
percritical fluid is not as quick as that in gas, the criteria 
proposed by Madon and Boudart (Madon and Boudart, 1982) 
for intrinsic rate measurement of heterogeneous catalytic re- 
actions could not be satisfied here and the measured catalytic 
activity was dependent on influence of transportation velocity. 

Simulation of the dyfusion of reactants and the effec- 
tiveness factor of the catalyst in the supercritical-phase 
reaction 

In this section, a theoretic explanation is attempted for the 
experimental results above. 

Mathematical model. Under the supercritical-phase reac- 
tion conditions, the influence of laminar diffusion could be 
neglected. Suppose the catalyst pellet is a sphere with radius 
R and consider the mass equilibrium inside a shell of the ca- 
talyst pellet, 

where r is the radius of the shell; DH2 or Dco, whose calculation 
is discussed in the next section, is the effective diffusion coef- 
ficient for hydrogen or carbon monoxide in supercritical phase; 
VH2 or Vco is the reaction rate per unit volume for H2 or CO; 
and C,, and Cco are the concentrations of reactants. 

The boundary condition!; are: 
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Generally-speaking, a power rate law has been represented 
for F-T reaction kinetics, and the rate can be shown by the 
following equation: 

where k is the rate constant and x and y are the exponential 
dependencies on H2 and CO pressures, respectively. It is often 
recognized that the reaction orders for the Fischer-Tropsch 
synthesis reaction on ruthenium catalysts with respect to hy- 
drogen and carbon monoxide is one and zero, respectively 
(Vannice, 1976; Karn et al., 1965; Vannice, 1975; Dry, 1981; 
Post et al., 1989). 

(3) 

where k is the reaction constant. From Eqs. 1 and 3, the 
distribution of the hydrogen concentration can be expressed 
as: 

where the Thiele modulus 

(4) 

From Eqs. 1-3, the relationship between the hydrogen and 
carbon monoxide concentrations can be derived: 

So the catalyst effectiveness factor 7 can be derived as: 

Thus the apparent rate constant for each catalyst can be ex- 
pressed as: 

Calculation of the diffusion coefficient. Although the pre- 
cise calculation of the diffusion coefficient for molecules in a 
supercritical medium is very difficult (Debenedetti and Reid, 
1986), it is practical to apply the Stokes-Einstein method in 
hydrodynamics as well as the experimental verification. 

where D is the diffusion coefficient of a Brownian sphere of 
radius a in a continuum with viscosity f and temperature T, 
when no slip exists between the particle and the continuum. 
KB is the Boltzmann constant. Considering the reaction con- 
ditions, the viscosity of n-hexane at 240°C and 35 atm is cal- 

culated from a handbook (Japan Chemical Society, 1984) to 
be 0.0706 cp ( 7 . 0 6 ~  kg/m.s), and the radius of the hy- 
drogen molecule or carbon monoxide m$ecule (the long axis 
of diatom molecule) is 1.57A or 2.18A, respectively. With 
these data, the molecular diffusion coefficient can be estimated 
to be 3.39 x lo-’ m2/s for hydrogen and 2.48 x lo-’ m2/s for 
carbon monoxide, respectively. 

The molecular diffusion coefficient obtained above is suit- 
able for diffusion occurring in a pure supercritical fluid. In 
order to calculate the effective diffusion coefficient De for the 
catalyst in the supercritical fluid, the shape of the catalyst 
pellets must be considered, that is, 

De=:D 
7 

(9) 

where E is the void fraction and r is the tortuosity factor of 
the catalyst pellet. As the tortuosity factor is difficult to get, 
it is approximately expressed as: 

1 
7=- 

t 

De = e2D 

For the standard catalyst (Ru/JRC-ALO-4) which was used 
mostly in our previous work, the void fraction measured by 
mercury porosimeter was 0.635; in this way, De is 13.7 x 
m2/s for hydrogen and 9.90 x m2/s for carbon monoxide. 

The calculation above can also be demonstrated from ex- 
periment. If the gas-phase reaction is regarded as the ideal 
state for the diffusion of the reactants, it should show: 

7 
vsc 
VG 
-= 

where 7 is the catalyst effectiveness factor and Vsc and V, are 
the reaction rates in the supercritical phase or gas phase. It 
should be noted that the reaction rates here, which are regarded 
as intrinsic rates (without diffusion limitation), should be near 
the observed results with well crushed catalyst particles having 
an average particle size of 0.2 mm. By utilizing Eqs. 7 and 5 ;  
the effective diffusion coefficients can be deduced in reverse 
order. From published experimental results with the gas-phase 
and supercritical-phase F-T reactions on a ruthenium catalyst 
(Ru/JRC-ALO-4) (Yokota et al., 1990), the experimental ef- 
fective diffusion coefficient for hydrogen can be calculated to 
be 9.7 x mz/s and that for carbon monoxide is 7.0 x los9 
m2/s, which are nearly the same as the theoretical values shown 
previously, that is, 13.7 x m2/s for hydrogen and 
9 . 9 0 ~  m2/s for carbon monoxide. 

Simulation results and their accordance with the experi- 
ments. The effect of catalyst particle size on the concentra- 
tion distributions inside the catalyst particles is shown in Figure 
7. The Ru/A1203 catalyst used here is a standard catalyst (Ru/ 
JRC-ALO-4) which was mostly used in our previous report. 
Experimentally, when the particle size was 2 mm, the catalyst 
activity in the supercritical phase was about one-third that of 
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the small size (0.2 mm) catalyst. Also, the apparent activation 
energy was 4 kcal/mol lower than that for the small size 
catalyst. The simulated results show the concentration profiles 
of reactants inside the catalyst particles. Significant profiles 
were formed inside the catalyst particles, especially for the 
larger particles. As a result, the catalyst effectiveness factor 
decreased from 0.71 to 0.11 as the diameter of the catalyst 
particle increased from 0.2 mm to 2 mm. 

It is found that the effectiveness factor of the small pore 
catalyst is so low that the catalyst activity remains very low 
even though its reaction rate constant is the highest. It means 
that the inner surface of this kind of catalyst is hardly utilized. 
On the other hand, the effectiveness factor for the larger pore 
catalyst, for example the SW-10 catalyst, shows a higher value 
but its reaction rate constant is not as high because of the 
relatively lower specific surface area of Ru metal. As a result, 
the activity of the catalyst having the largest pore size is not 
the highest, and the activities of the catalysts with moderate 
pore size are the highest due to this compromise effect. This 
result is consistent with the experiment results, as shown in 
Figure 8. 

Figure 9 shows Effect ofporesize on theproduct diffusion. 

D = 2 m m  + = 9.05 
q = 0.11 
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Figure 8. Comparation between experimental and sim- 
ulation results for pH-swing catalysts. 
The same reaction conditions as in Figure 3. 

the olefin content in the product from catalysts with different 
pore sizes. Among the light C2 to C,,, hydrocarbons, there is 
little difference. The olefin content in the product was still as 
high as 40% for the Cz0 hydrocarbon in the case of the large 
pore (33.5 nm) catalyst even though the catalytic activity was 
still high, while the olefin content in the product from a smaller 
pore (1 1.4 nm) catalyst decreased remarkably with increasing 
carbon number of the product and reached to zero around Czo. 
For a specific catalyst, it is shown that olefin content of its 
light hydrocarbon was higher while the percentage of the paraf- 
finic product increased as carbon number increased. Also, as 
an exception, the ratio of ethylene was very low. 

The high olefin content of the product from the catalyst 
with the largest pore size is a reasonable phenomenon because 
a relatively more effective mass transfer occurred for the higher 
molecular weight product. As a result, the degree of secondary 
hydrogenation reaction was suppressed. It was reported that 
the dispersion of ruthenium metal showed little influence on 
the olefin-to-paraffin ratio in low carbon number products in 
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2 4 6 8 10 12 14 16 18 20 

Carbon Number 

Figure 9. The effect of catalyst pore size on the olefin 
content of the product from a Ru-catalyzed 
reaction: the standard reaction conditions. 
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Figure 10. Relationship between contact time of the 

reactant gas and CO conversion and the 
chain-growth probability: RuISW6 catalyst, 
the standard reaction conditions except con- 
tact time. 

the gas-phase F-T synthesis reaction (Kellner and Bell, 1982), 
so the differences in metal dispersion of the pH-swing catalysts 
here are presumed not to be important in determining the olefin 
content in the products from a supercritical-phase F-T reaction. 

Recently, it was proposed that the higher solubility of larger 
olefins increased their reactor residence time and enhanced 
their chances of undergoing secondary reactions (Tau et al., 
1990). Some pertinent research (Madon et al., 1991; Iglesia et 
al., 1991) showed that in gas-phase F-T reaction primary 1- 
olefin readsorption and surface chain initiation took place as 

0 Gas Phase Reaction 
I"" I 

01 I I 0 0  I I 
5 10 15 2 0  25 

Carbon Number 

Figure 11. The influence of the contact time of the reac- 
tant gas on the olefin content in the products: 
RuISW6 catalyst, standard reaction condi- 
tions except contact time. 

secondary reactions. Also readsorption of 1-olefins increased 
with molecular size because the rate of removal of olefins from 
liquid-filled catalyst pores is decreased due to intraparticle 
diffusion limitation. Our observations for the supercritical 
phase F-T reaction seems to be supported by their research. 
We believe that the readsorption of 1-olefins onto FT-active 
sites play a crucia1 role in the synthesis of high molecular weight 
hydrocarbons. Heavier 1 -ole fins remained longer within 
catalyst pores because of their decreased diffusivities and read- 
sorbed onto Ru sites more easily to receive secondary hydro- 
genation to form paraffin. Paraffinic products do not undergo 
any further reaction and exit the pore unreacted. On the other 
hand, the pore-size effect on the product selectivity behaved 
by the way of changing the diffusivities of primary 1-olefins. 
Relatively more effective diffusion for the olefins within larger 
catalyst pores leads to high olefin content in the product of 
large core catalyst. 

The olefin content for C2 (ethylene) is obviously lower than 
those of other light hydrocarbons. Some reports showed that 
yields for Cz, in some cases including C3, were low and fall 
below those predicted by the Schulz-Flory distribution (Kellner 
and Bell, 1981). In our results (also shown in Figure 3) these 
low values reflect the rapid rate of ethylene readsorption and 
chain initiation, including their incorporation into growing 
chains. 

In Figure 10 is displayed 
the effect of the contact time on CO conversion and the chain- 
growth probability. When the contact time changed from 2.5 
to 5 g cat.h/mol, the CO conversion increased rapidly then 
increased slowly to about 30% as the contact time increased 
from 5 to 20 g cat-h/mol. While the contact time changed 
from 2.5 to 20 g cat 1 h/mol, the chain-growth probability in- 
creased from 0.70 to 0.91. 

It is rational that a long contact time of synthesis gas is 
favorable for the propagation of carbon chains, because the 
primary products (1-olefins) might be re-adsorbed on the ru- 
thenium sites and be subjected to secondary carbon chain prop- 
agation (Henrici-Olive and Olive, 1984; Madon and Iglesia, 
1991). 

Figure 11 shows that the olefin content of the product was 
affected by the contact time (W/F). When the contact time 
was increased, the olefin content decreased, but its level is 
much higher than that of the product from the gas-phase re- 
action. The low olefin content in the products from the gas- 
phase reaction, especially the higher molecular weight portion, 
can be attributed to their slow desorption from the catalyst 
surface and the resultant secondary hydrogenation. 

In general, the rate of removal of 1-olefins from the catalyst 
bed is controlled by intraparticle diffusion (pore residence time) 
and contact time (bed residence time). In the gas-phase reac- 
tion, intraparticle diffusion dominates the removal rate of the 
larger reactive molecules and contact time has no effect on the 
pore residence time or on the readsorption of larger 1-olefins 
but controls the residence time of hydrocarbons outside liquid- 
filled pores. As a result, the effect of contact time on read- 
sorption is most apparent for light olefins in the gas-phase F- 
T reaction. But in the supercritical phase F-T reaction, because 
of high diffusion and high density of the supercritical fluid 
and its quick in situ extraction for waxy product, the olefin 
content of both light and heavy hydrocarbons is controlled by 
the contact time. 

The influence of the contact time. 
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Conclusions 
Reaction engineering associated with the supercritical-phase 

Fischer-Tropsch synthesis reaction was studied in terms of the 
mass transfer of the reactants or products. 

Tailor-made catalyst supports with a sharp pore diameter 
distribution could be prepared by the pH swing method. The 
catalyst pore size can control the catalytic activity as well as 
the distribution of the products because of the differences in 
the diffusion of both reactants and products. 

In the supercritical-phase reaction using the larger-pore 
catalysts, waxy products could be effectively extracted in situ 
while the hydrogenation or the hydrocracking of olefins was 
effectively suppressed. Both the desorption and the diffusion 
of the product were so well balanced that the overall mass 
transfer of the products was most effective in the supercritical 
phase. 

The ruthenium catalyst having a moderate pore size showed 
the highest activity while the catalyst with the largest pore size 
exhibited the highest chain-growth probability. The effects of 
metal particle size and pore size on the catalytic activity were 
reasonably simulated based on the diffusive behavior of the 
synthesis gas, in terms of the calculated effectiveness factor 
and the apparent Arrhenius activation energies of Ru catalysts 
with different pore sizes or particle sizes. 
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Notation 
a = radius of Brownian sphere, m 
C = concentration, mol/m’, or carbon number 
D = diffusion coefficient, m2/s 

f = viscosity, kg/m. s 
F = flow rate, mol/h 
k = reaction rate constant, s - ’  

KB = Boltzmann’s constant, J/K 
P = pressure, Pa 
r = radial position within a particle 

R = radius of particle 
T = temperature, K 
V = reaction rate, m ~ l . m - ~ . s - ’  

W = weight, g 
x = exponential dependency 
y = exponential dependency 

De = effective diffusion coefficient, m2/s 

Greek letters 
a = chain growth probability 
E = void fraction of catalyst 
6 = Thiele modulus 
1 = effectiveness factor of catalyst 
7 = tortuosity factor of catalyst 

Subscripts 
CO = carbon monoxide 
G = gas phase 

H, = hydrogen 
i = carbon number 
0 = state outside a particle 

SC = supercritical phase 
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