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A mean distance between zeolite and cobalt particles in Fischer—Tropsch catalysts is an important factor affecting the activity of a

multicomponent catalyst bed.

The Fischer—Tropsch synthesis (FTS) is as an alternative tech-
nology for producing high-quality synthetic oil from carbon-
containing feedstock such as natural gas, associated gas, shale
gas, coal or biomass, and its development is very important.'?

Cobalt FTS catalysts produce sulfur-free synthetic oil with
a wide fraction of predominantly linear hydrocarbons, where
branched and unsaturated hydrocarbons (mostly a-olefins) may
occur.2? The advantage of using skeleton cobalt in FTS over
conventional impregnated cobalt systems is its high thermal
conductivity.* This is important because the process is highly
exothermic and heat removal from the reaction zone is necessary.

The FTS products formed at the metal sites of the catalyst
may participate in secondary reactions at the acid sites of zeolites
or mixed oxides.>~” For example, olefins or their intermediates
can migrate to acid sites and undergo isomerization and/or
hydroisomerization, while alkanes can undergo cracking or hydro-
cracking. It is likely that the composition of produced hydro-
carbon mixtures depends on the ratio of reaction rates at acid and
metal sites.

For better understanding the relative contributions of primary
and secondary reactions to the formation of hydrocarbons, it is
reasonable to study fixed catalyst beds with different arrange-
ments of cobalt and zeolite particles.

The aim of this work was to determine the role of zeolite in
the production of synthetic oil (a mixture of liquid hydrocarbons
with a boiling point below 450°C) from CO and H, in the
presence of skeleton cobalt. The highly dispersed skeleton cobalt
was prepared from a CoAl alloy.? Table 1 summarizes the experi-
mental setups of catalyst beds used in the experiments.” Table 2
represents the optimal synthesis temperatures for all of the test
catalytic beds at different GHSVs.

All of the catalytic beds demonstrated activity in the FTS
(Figure 1). The introduction of a separate zeolite layer (Co—Z

Table 1 Test catalyst fixed beds.

Composition (Wt%)

Bed setup

Co Al HBeta AlO(OH)
Co* 22 55 0 23
Co-7b 20 50 10 20
Co+Z¢ 20 50 10 20
(Co+Z), 20 50 10 20

A layer of the cobalt-containing mixture 4 cm in height with a thermocouple
located in the upper third of the layer. A layer of the cobalt-containing
mixture, a layer of quartz sand 5 mm in height and a layer of zeolite 6 cm in
height with two thermocouples located 0.5 cm from the top and the bottom
of the bed, respectively. “A layer of zeolite uniformly mixed with the cobalt-
containing mixture (the mean distance between cobalt and zeolite particles
was tens of micrometers) 4 cm in height with a thermocouple located in
the upper third of the layer. “The composition is the same as that in Co+Z.
A layer of pelletized zeolite and the cobalt-containing mixture® (the mean
distance between cobalt and zeolite particles was several micrometers) 3 cm
in height with a thermocouple located in the upper third of the layer.

Table 2 Optimum synthesis temperatures.

Temperature/°C
GHSV/h!
Co Co-Z Co+Z (Co+Z)pe
3000 251 258 258 234
5000 264 269 264 240

bed) leads to a decrease in the conversion of CO (compared with
the Co bed), which is more significant at 3000 h! GHSV (from
54 to 33%). This may be due to the fact that highly dispersed
zeolite particles are located between larger quartz particles to
result in a layer compaction which prevents the removal of heavy
viscous hydrocarbons from the cobalt-containing layer located

' All the setups were based on cobalt-containing mixtures containing the
skeleton cobalt, highly dispersed aluminum metal powder and boehmite,
which was precalcined in air at 450 °C. Zeolite HBeta (Z) was used in
three setups as an additive or as a separate layer (see Table 1). The mix-
tures were uniformly mixed with quartz sand in a weight ratio 1 :4 before
loading into the reactor bed. The particle sizes were <45 um for aluminum
powder, 4-5 um for boehmite, 1-2 pum for zeolite HB, about 2.8x0.9—
12x7 pm for Raney cobalt and 0.1-0.3 mm for quartz sand.

The catalyst was activated in pure hydrogen, which was supplied at a gas-
hour space velocity (GHSV) of 3000 h™! at 400 °C and 0.1 MPa for 1 h. The
synthesis was carried out in a steel flow reactor (25 cm in length with an inner
diameter of 1 cm) equipped with four thermocouples at distances of 5 cm.

© 2014 Mendeleev Communications. All rights reserved.

After activation, the catalyst was heated from 170 to 231-235°C in 3-10°C
steps at regular intervals of 6 h in a synthesis gas flow (gas pressure, 2 MPa).
Synthesis gas (H,/CO molar ratio of 2 with 5 vol% N, as the balance and
internal reference) was supplied at a GHSV of 1000 h™'. The temperature
was varied to reach a maximum liquid yield; then, GHSV was increased
stepwise up to 5000 h~! to optimize the yield of Cs, hydrocarbons.

The composition of the products was determined by gas chromato-
graphy. A column with molecular sieves CaA (3 m x 3 mm) was used for
the separation of CO and CH,; a HayeSep column (3 m x 3 mm) was used
for the separation of CO, and C,—C, hydrocarbons, and a 50 m capillary
column with DP-Petro plate was used for the separation of Cs—C,9 hydro-
carbons.
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Figure 1 The effect of catalyst composition on CO conversion and yield of
hydrocarbons at (@) 3000 and (b) 5000 h~! at optimal synthesis temperatures
(Table 2).

above; thus, it obstructs the supply of feed components (CO and
H,) to active metal sites. An increase in the synthesis gas flow
rate up to 5000 h™! decreased the conversion of CO to 37% even
in the case of a Co bed (no zeolite barrier effect).

A uniform zeolite distribution in the layer of cobalt-containing
powder (Co+Z bed) significantly increased the conversion of
CO to 65% at 3000 h™! or to 56% at 5000 h~!, while pelletizing
[(Co+Z), bed] led to its increase up to 77% at 3000 h™! or 69%
at 5000 h™! (Figure 1). Moreover, in the presence of (Co+Z)pers
the yield of C,, hydrocarbons decreased from 22-28 to 10-14%
at 3000 h™! or from 17-22 to 10% at 5000 h~!. Thus, it is believed
that a shorter cobalt—zeolite interparticle distance [a drop from
tens of um in Co+Z down to several pm in (Co+Z),] promotes
the easier and faster removal of heavy hydrocarbons from active
metal sites and vacates these sites for the adsorption of feed
components. Furthermore, a shorter cobalt—zeolite interparticle
distance leads to the more active formation of hydrocarbons due
to a decrease in the average molecular weight of the produced hydro-
carbons. Note that the yield of Cs, hydrocarbons significantly
decreased at either of the synthesis gas flow rates (Figure 1).

The yield of methane slightly increased from 31-37% in the
presence of the Co bed to 35-39% with the introduction of a
separate zeolite layer (Co—Z); this can be due to cracking reac-
tions proceeding at zeolite sites. The reduction of the cobalt—
zeolite interparticle distance results in a decrease in the yield
of methane to 18-23% in the presence of the pelletized sample.
It can be assumed that the mechanism of secondary reactions on
zeolite depends on the distance between zeolite and cobalt active
sites.!1¢ The yield of C, hydrocarbons is a function of the cobalt—
zeolite interparticle distance (Figure 1).

The yield of C; hydrocarbons increased upon the introduction
of a separate zeolite layer in (Co—Z) as well as in the presence of
the pelletized (Co+Z), and decreased in the mixed-powder
Co+Z bed (Figure 1). Therefore, it is likely that the formation of
C; hydrocarbons depends on mass transport limitations.

Figure 2 represents the dependence of the composition of C,
hydrocarbons on catalyst bed composition. At 3000 h™!, n-butane
(0.54) and n-butylene (0.41) were the main C, compounds pro-
duced over the Co bed setup, while the isobutane content was only
0.05, and isobutylene was not formed. Therefore, we observed a
traditional SFT pattern.!”-'® A separate zeolite layer in Co—Z led
to a slight increase in the n-butane content (to 0.58), a significant
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Figure 2 The effect of catalyst composition on C, hydrocarbon composi-
tion at (@) 3000 and (b) 5000 h~! at optimal synthesis temperatures (Table 2).

decrease in the n-butylene (to 0.19) and increase in the isobutane
(to 0.19) contents and the appearance of isobutylene (0.04). The
n-butylene formed on cobalt sites undergoes readsorption on
the zeolite layer and isomerization as suggested previously.'?
The mixing of cobalt and zeolite in Co+Z resulted in an increase
in the n-butane content (to 0.7), a further decrease in the amount
of n-butylene and a significant decrease in the amount of iso
products [Figure 2(a)]. The most probable explanation suggests
that the hydrocarbons produced at the metal sites undergo cracking
into olefins over zeolite.>*” Then, the olefins undergo readsorp-
tion on metal sites followed by hydrogenation and hydrocracking or
the initiation of hydrocarbon chain growth.?! Pelletized (Co+Z),
led to a decrease in the n-butane content (to 0.64) and an insigni-
ficant increase in the n-butylene, isobutylene and isobutane contents
(to 0.19, 0.04 and 0.13, respectively). This can be due to diffusion
limitations, which influence mass transfer in a pellet and prevent
cracked products from readsorption on cobalt-containing sites.

The distribution of C, products slightly changed as contact
time was shortened due to an increase in the synthesis gas flow
rate [Figure 2(b)]. Thus, in the presence of the Co bed setup, the
n-butane content decreased (to 0.38), while the n-butylene content
increased (to 0.56). The isobutane content raised insignificantly,
while isobutylene was not formed. It is obvious that a shorter
contact time prevents the hydrogenation of n-olefins, which are
routinely produced from CO and H, as the FTS products. The
introduction of a separate zeolite layer in Co—Z had almost no
effect on the distribution of C, hydrocarbons with the exception
of isobutylene, which did not appear in the product. An increase
in the synthesis gas flow rate for this zeolite and cobalt configura-
tion seems to prevent n-butylene from participating in secondary
reactions.

As for the group composition of the liquid products formed at
3000 h~!, the Co bed afforded hydrocarbons containing 82%
linear alkanes, 11% olefins and 7% isoparaffins. The introduction
of a zeolite layer into Co—Z led to a decrease in the n-paraffin
content (to 74%) and an increase in the olefin content (to 18%),
while the concentration of isoparaftfins remained almost unchanged
(8%). This product composition can result from the cracking of
Cs, hydrocarbons (produced on cobalt active sites) on zeolite
active sites. It is well known?? that cracking can occur on H-form
zeolite under FTS conditions.

The uniform distribution of zeolite and cobalt particles in Co+Z
results in a drastic decrease in the n-paraffin content (to 47%)
and an increase in both olefin and isoparaffin contents (to 25 and
18%, respectively). In other words, a contribution of cracking
and isomerization processes seems plausible under such condi-
tions,?? and the probability of such reactions to occur grows with
reducing distance between cobalt and zeolite sites as a result of a
prolongation of the contact time of a high-molecular-weight film
formed on cobalt and zeolite sites. Pelletized (Co +Z),,; promoted
the formation of isoparaffins (23%) at the expense of the n-paraffin
content (42%). Thus, diffusion limitations at 3000 h~! seem to
promote isomerization reactions.

At 5000 h™!, the introduction of a separate zeolite layer in
Co-Z caused a similar shift (compared to 3000 h!) in the group
composition of produced hydrocarbons: the olefin and isoparaffin
contents increased from 15 to 26 and from 8 to 11%, respectively,
while the n-paraffin content decreased from 77 to 63%. The
hydrocarbons produced over Co+Z at the above flow rate were
characterized by the same group composition as that on Co—Z:
24% olefins, 16% isoparaffins and 60% n-paraffins. This effect
correlates with the fact that a higher flow rate reduces the probability
of the readsorption of cracking products in the case of Co+Z. In
the pelletized bed (Co+Z),, the Cs, hydrocarbons contained
39% olefins, 19% isoparaffins and 42% n-paraffins regardless of
flow rates.
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A comparison of the molecular-weight distributions of Cg—C,;
hydrocarbons helps us to understand the fractional composition
of liquid products (Figures S1 and S2, Online Supplementary
Materials). In particular, the Co and Co-Z bed setups provide
very similar distributions at 3000 h~!. The uniform mixture of
cobalt and zeolite powders Co+Z gave a significant shift in the
Cs—C,; molecular-weight distribution; i.e., the concentration of
hydrocarbons with boiling points below 170°C raised; the
diesel fraction content decreased, and hydrocarbons with more
than 25 carbon atoms in molecules were formed in trace amounts.
It is obvious that, in this case, the distance between cobalt and
zeolite particles does not affect the contact time of a high-
molecular-weight film formed on cobalt sites with zeolite sites.
The influence of diffusion limitations results in diminishing the
low-boiling hydrocarbon content and rising the high-boiling
fraction content [Figure S2(a)]. However, note that, despite the
increase in the heavy hydrocarbon content, the heaviest detected
hydrocarbon contained only 23 carbon atoms.

The Co—Z bed setup was most sensitive to flow rate [Figure S2(b)].
The Cg—C,; hydrocarbon content increased significantly, while
the C,,—C,; hydrocarbon content decreased. Probably, the higher
synthesis gas flow rate and synthesis temperature (Table 2) resulted
in the higher rates of secondary reactions. It is interesting that the
extraction of the Co bed from the reactor showed a large quantity
(>3 g) of white creamy hydrocarbons with a typical wax odor.
Such products were not detected in the presence of zeolite-con-
taining bed setups; however, the porous structure of the pellets
accumulated small amounts of hydrocarbons and intermediates,
which are difficult to identify. Products obtained in the presence
of the pelletized catalyst were analyzed by the SimDist method
in the Saybolt laboratory; the end of boiling at 416°C was
detected, which corresponds to C,sHsg (see Online Supplementary
Materials).

Thus, we found that the influence of zeolite on the synthesis
of hydrocarbons from CO and H, in the presence of skeleton
cobalt is governed by not only the acidic properties of the zeolite
but also the mean cobalt-zeolite interparticle distance. Sartipi
et al.'% studied a combination of HZSM-5 zeolite and an active
cobalt phase in FTS (260°C, 10 atm and H,/CO = 1.25-2.25)
and found that the activity of the bifunctional catalytic system
correlates with the proximity of cobalt and zeolite phases. We
observed that the closer were placed zeolite and cobalt particles
to each other, the more active was the catalyst. It is obvious
that secondary transformations of high-molecular-weight products
accelerate with reducing distance between zeolite and cobalt
particles. This results in a decrease in the average molecular
weight of products, which facilitates mass transfer both in a
mixture of powders and in a pellet.’

At the same time, we observed an increase in the concentra-
tion of branched and unsaturated hydrocarbons and a decrease
in the n-paraffin content down to 40%. It is believed that the
hydrocarbons formed on metal sites undergo cracking on the acid
sites of zeolite. According to published data,>2° cracking occurs
by a carbocation mechanism with the formation of shorter
hydrocarbon chains, olefins and isoparaffins. Moreover, heavier
hydrocarbons are involved in cracking transformations. For this
reason, we did not observe the formation of heavy hydrocarbons
even in the case of a layered bed setup.

Therefore, the role of zeolite in hydrocarbons formation from
CO and H, in the presence of skeleton cobalt has been revealed
and the zeolite effect on the products composition has been
shown. The mean distance between zeolite and cobalt particles is
an important factor affecting the activity of multicomponent
catalyst bed.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.mencom.2014.09.024.
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