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Abstract

This paper focuses on the synthesigsofparaffin-rich hydrocarbons by Fischer—Tropsch synthesis (FTS) over Co/SiO
catalyst. The basic concept was to secondarily isomerize and/or hydrocrack the primary FTS hydrocarbon products.

A physical mixture of a small amount of added H-ZSM-5 in the CofSi@talyst enhanced the formation of-Cig
iso-paraffins while suppressing the formation of longer hydrocarbons, probably because of the selective cracking of higher
hydrocarbons on ZSM-5. The three-component catalyst (Ce/H@'SiQ—-ZSM-5) promoted the formation of paraffins,
whereas the yield of isomerized products was not high enough.

For a two-step reaction, the first step catalyst was the Ce/S&Z5M-5 catalyst and the second step catalyst was Pd/siO
ZMS-5 catalyst where additional hydrogen was added. The selectivitgogfaraffins was markedly promoted and the
molecular weight of the product decreased while the syngas conversion was kept constant.

The hydrocracking of-octane (which is the model compound of FTS reaction) over hybrid catalyst composed of
Pd/SiQ-zeolite and showed high and stable activity givisgparaffin-rich hydrocarbons. The isomerization was favored
for Pd rich catalyst. The role of Pd was thought to be the port hole of hydrogen spillover to zeolite.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction iso-paraffins by utilizing FTS catalyst supported
acidic zeolite[1-3]. However, acidic zeolites are not
Synthesis of hydrocarbons by Fischer—Tropsch syn- a stable support for FTS catalysts, typically results in
thesis (FTS) has been industrialized for producing low activity and high methane selectivif#]. Chen
clean diesel fuel because of its higiparaffin and low  reported light hydrocarbon synthesis at 0.1 MPa from
sulfur content. syngas using three kinds of NaY zeolite-supported
It is well known that the FTS product is mostly ruthenium catalyst prepared by impregnation, ion ex-
n-hydrocarbons, either olefins or paraffins. Recently, change and CVD, respectively. Due to low reaction
the production of hydrocarbons rich iso-paraffins pressure, methane was the main product but isobutene
has gained attention because of its excellent gasolinepredominated in gfraction[5]. Nijs and Jacobfs,7]
fuel properties. Several groups have tried to make also reported similar phenomenon on Ru/NaY. Kong
et al.[8,9] used a NaOH washed Co/Y zeolite catalyst
* Corresponding author. to do FTS. The selectivity of isomers was 20-30%.
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Recently mesoporous molecular sieves were used asalyst and zeolite gives excellent catalytic activity and

FTS catalyst supports but the stability under high pres-
sure water vapor in FTS was harmf{aD,11] Calejia
studied the physical and chemical properties, activity,
and selectivity of Co/HZSM-5 zeolite bifunctional
catalyst for FTS prepared by incipient wetness impreg-
nation with different conditions of drying, calcination

high selectivity of middlaso-paraffins[15].

In this research, the selective synthesis afCg
iso-paraffins from synthesis gas was aimed.

The fundamental concept in this research is the
synthesis of hydrocarbon mixtures rich iy-<Cs
iso-paraffins by hydrocracking and isomerization, the

and reduction. The Co content of the catalyst and the primary hydrocarbons which are produced by FTS.

effect of Th, as promoter, were also studied. Maximum
activity of the catalyst was obtained with 1.5wt.%
Th, resulting in an increase ofg& selectivity. This

was explained in terms of a shift in chemisorption

Catalysts used were physical mixtures of a CofSiO
FTS catalyst, Pd/Si©Qand a zeolite. In this reaction
system product hydrocarbons on the FTS catalyst
diffuse to the hydrocracking catalyst either in the gas

properties of the catalyst. The basic character of the phase (volatile products) or on the surface (products

promoter affected the zeolite acidity, decreasing the
aromatic proportion in the liquid hydrocarbon frac-
tion [12]. Bessell studied the catalytic activity and
product selectivity of a series of FTS Co catalysts,
supported on kieselguhr, SiOAl»O3, bentonite, ze-
olite Y, mordenite, and ZSM-5 which were correlated
with catalyst reproducibility and adsorptive properties
(e.g., with H, CO, and NB), as well as support acid-
ity, surface area, and structyte3]. The nature of the

such as wax, which is hard to be vaporized under reac-
tion conditions) and are hydrocracked or isomerized to
iso-paraffins. It was interesting that higher hydrocar-
bons such as wax were exclusively cracked when the
hydrocracking catalyst existed nearby to the FTS cat-
alyst. The hydrocracking catalysts used were a phys-
ical mixture of Pd/Si@ and zeolite, which showed
excellent activity because of hydrogen spillover from
Pd. Hydrogenation catalyst in the Pd/SiQeolite

higher hydrocarbons depended strongly upon support promoted isomerization reaction while itself has no

acidity, with the non-zeolitic low-acidity supports

isomerization activity. On the other hand, the cracking

producing the classic straight-chain Fischer—Tropsch reaction was not affected by hydrogenation.

product. Of the zeolite-supported catalysts, the most

strongly acidic ZSM 5-supported catalyst produced
the most highly branched products, followed by the
zeolite Y-supported catalyst. The straight-chain char-
acter of the product from the mordenite-supported
catalyst was explained by the inaccessibility of pri-

2. Experimental

2.1. Catalyst preparation

mary Fischer-Tropsch products to the mordenite acid A 20wt.% Co on SiQ catalyst was selected as
sites, due to the mordenite channel system and ionan FTS catalyst. The Co/SjCratalyst was prepared

exchange properties, thereby preventing secondary re-by the incipient wetness method with the silica gel
actions (e.g., isomerization). Jothimurugesan reported (Fujisilicia Q-10 whose surface area and pore vol-
a 50:50wt.% ratio Co—Ni catalyst physically mixed ume were 300 g, and 1.0 ml/g, respectively) and an
with HZSM-5 (5% Co-5% Ni/TiQ + HZSM-5) gave aqueous solution of Co(Ng). In certain runs, a small

the highest CO conversion (45.2%) at the conditions amount of powdery H-ZSM-5 was physically mixed

tested. This compared to conversion of 8.9 and 10.5% with the Co/SiQ catalyst.

with Co-only and Ni-only catalysts, respectively.
Mixing the Co-Ni catalyst with HZSM-5 resulted
in a significant reduction in methane selectivity and
a significant increase in & selectivity. The aro-
matic fraction increased from 1.5 to 8.1wt.%, the
C,+ olefins were nearly eliminated, and isobutane in-

Catalysts with hydrocracking and/or hydroisomer-
ization activity were prepared by physically mixing
H-ZSM-5, USY, or H-mordenite with 2.5wt.% Pd
on SiG by pressure-molding the zeolite powder and
the Pd/SiQ. All catalysts were reduced in flowing
hydrogen at 673K for 10 h.

creased from 2.3 to 58.5wt.% in the @action[14]. The hydrocracking catalyst was activated in hy-
Part of the authors have shown that a hybrid catalyst drogen gas flow at 673K for 1 h under atmospheric
composed of a physical mixture of supported Co cat- pressure.
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Fig. 1. lllustration of the two-step reactor.

2.2. Reaction apparatus and procedure

Fig. 1 shows the reaction apparatus. The first reac-
tor (upper one) contains the FTS catalyst and the sec-
ond reactor (lower one) contains the hydrocracking/
hydroisomerization catalyst. In the 2-stage reaction
operation, additional hydrogen was injected to pro-
mote the hydrocracking/hydroisomerization reaction.

FTS reaction was conducted under pressurized
conditions 0.5-2.0 MPa, 513-573K by using a flow
type fixed bed reactor (SUS-316 tube, 8 mm ID). The
catalyst amount was 1.0 g and the/BO ratio of the
feed gas was 3.0 or 1.8. In some experiments, the
hydrocracking catalyst (zeolite or Pd/Si@ zeolite)
was mixed with the Co/Si® FTS catalyst in first
stage. In other experiments, the two were separated.
Reaction conditions were: pressure, 0.5-2.0 MPa
Hx/hydrocarbons mole ratio, 9/1; reaction tempera-
ture, 543-553 K.
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3. Results and discussion
3.1. FTSreaction

3.1.1. Sngle step reaction

Fig. 2 shows the hydrocarbon distribution ob-
tained for Co/Si@ only or for a physical mixture
of Co/SiQ® + ZSM-5. CO conversion of both re-
actions was 100%. CfOselectivity was only about
2%. For the conventional FTS on Co/SiQata-
lyst, Cis+ hydrocarbons were formed and there
were no olefins. Because the syngas used here was
hydrogen-rich (H/CO = 3), olefin formation was
suppressed. However, in the product distribution of the
modified FTS on the Co/SiB+ ZSM-5, heavy hydro-
carbons disappeared and-C;o fractions increased
as expected. These facts agree well with the reported
findings that longer chain hydrocarbons are easily
hydrocracked16]. Formediso-paraffins were accom-
panied by small amount of olefin. The isomerization
reaction betweenmso-paraffin and normal paraffin is
at equilibrium state and it is impossible to exclude
the formation of normal paraffin. The disappearance
of C1o+ can be explained as follows: the waxy prod-
uct from the conventional FTS catalyst stays on the
surface of the catalysts and is subjected to the sec-
ondary hydrocracking, forming lighter hydrocarbons
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Fig. 2. FTS product distribution on (a) Co/SIO(b) Co/SiQ
+ ZSM-5 catalyst (H/CO = 3.0, 1.0MPa,W/F = 5.1gh/mol,
513K, 60 min).H , paraffin;[], iso-paraffin; M, olefin.
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containing iso-paraffins. The characteristic features
of the Pd/SiQ-added hybrid catalyst system is the
lower methane selectivity and the much lower content
of olefins. The high methane and olefin selectivity
should be attributed to the different reaction mech-
anisms on metal free zeolite from that of Pd/giO

containing catalyst. On the metal free system, the
mechanism is the single cracking reaction while that
on the Pd-containing catalyst is the hydrocracking
catalysis. The simple cracking reaction makes lower
olefins as well as methane, while hydrocracking gives
mostly iso-paraffins distributed €to Cs.

In order to stabilize the activity of ZSM-5, Pd/SiO
catalyst was added to the Co/Si@ ZSM-5 hybrid
catalyst to form a three-component catalyst: FTS,
hydrocracking and hydrogenation. Fig. 3, the ef-
fect of Pd/SiQ introduction is shown. It is clear that
the olefin content in the FTS products of the Co/

H
CH,=CH-CHyR ——> CH,-CH,-CH,R ——>CH, +
FTS Cat.
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Fig. 3. Pd/SiQ addition effect on hybrid catalyst: (a) Co/SIO
+ SiO; + ZSM-5; (b) Co/SiQ + Pd/SIQ + ZSM-5 catalyst
(H2/CO = 1.8, 1.0MPaW/F = 5.1gh/mol, 513K).H , paraffin;

[, iso-paraffin; W, olefin.
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SiOp + ZMS-5+ Pd/SIQ catalyst mixture decreased
significantly. More importantly, no olefinic products
were formed, meaning that not simple cracking but
hydrocracking occurred. However, here the feed gas
ratio was H/CO = 1.8 and most of the hydrogen was
consumed in the FTS reaction. The hydrogen used in
hydrocracking was not enough and little olefin existed
even though Pd was presented. For a syngas ratio
of Ho/CO = 3, no olefins appeared in the products
on the Pd-containing catalyst at the same reaction
condition.

When Pd/SiQ@ was added, methane decreased
from 18 to 11%, as shown iRig. 3. Here methane
formed from not only FTS itself but also from olefins,
produced from the cracking reactiorFi§. 3a)).
However, because 1-olefins were hydrogenated on
Pd effectively, methane derived from the secondary
reaction of 1-olefin hydrocracking disappeared:

CH,-CH,-R

A

2H J/
CH, 1)

3.1.2. Two-step reaction

In Fig. 4 is shown the product distribution of the
two-step reaction. In the two-stage reaction system,
the first step catalyst was the Co/SiZSM-5 and the
second step catalyst was Pd/g#0ZMS-5. Hydrogen
was added to the second stage reactor, which resulted
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Fig. 4. Product distribution of the 2-stage reactor (1.0 MPa,
WF = b5.1gh/mol, in first stage reactorT 513K,
Co/SiQ; + ZSM-5 catalyst, H/CO = 1.8; in second stage reac-
tor: T = 573K, ZSM-5+ Pd/SiQ catalyst, B/CO = 3.0). @ ,
paraffin; [, iso-paraffin; B, olefin.
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in the overall B/CO ratio of 3/1 (mole ratio), whereas 50
the H/CO ratio at the first reactor was 1.8/1. Pl
It is clear that by passing the effluent from the %"
first reactor through the second reactor, the olefins ST
completely disappear and the product distribution was g a0 b
drastically changed to lower molecular weights. This a
means that the products of the first reactor were further 0 r
hydrocracked, givingso-paraffins as the main prod- @ 0 4
uct. It should be also noted that the methane selectiv- 100
ity was around 10% in spite of the 3/1,KCO ratio
because methane was produced in the FTS reaction &. 8 or
where the H/CO ratio was 1.8/1. Since the reaction Eogn t
conditions can be controlled independently to those §
of the first reactor, the product pattern of the second ﬁ ar
reactor can be also controlled. 20
® 0
3.2. Hydrocracking of model hydrocarbons 120
100 f
The basic concept of present study is the two-step
. . 20
reaction system, composed of the FTS reaction and i,
the hydrocracking of its products. The hydrocracking e 60
of three types of modeh-paraffins designed to the a0 r )
represent products of FTS reaction was tested. g | Crocking
]
3.2.1. n-Decane (C1oH22) 0 20 40 60 =0 1m0
Fig. 5a)—-(c) shows the reaction results. The © Mordasite contsnt/

Pd/SiGQ alone shows no activity and the mordenite
alone shows little activity. However, a mixture of the Fig. 5. Results ofn-decane reaction (1MPaMF = 1gh/mol,
two catalysts shows much higher activity for Pd/giO  Hz/n-decane= 9, Pd/SiQ + mordenite 0.49, 553K).
contents between 10 and 80%.

The selectivity of the cracking reaction increased
with an increase in the mordenite content at the mix-
ture. However, the turnover frequency (TOF, based on
the acid sites) of cracking was independent on the
mordenite content, while the TOF of hydroisomeriza-
tion increased with the content of Pd/SiOrhe role
of Pd/SIGQ has been proved to be the activation of
gaseous hydrogen and to transfer to zeolite acid site
(hydrogen spillover]17,18] The spillover of hydro-
gen activates paraffinic hydrocarbon as shown below.

The spiltover hydrogen activates saturated hydro-
carbons and also stabilizes the carbenium ion which
leads to isomerized products. Therefore, if the amount
of spillover hydrogen is insufficient, the cracking reac-
tion of carbenium ion is preferred over isomerization.
This is consistent with the effect of Pd/Si@atalyst.

Fig. 6 shows the isomerization selectivity as a
function of n-decane conversion on two types of
Pd/SiQ + mordenite mixed catalysts with different
compositions. It is clear that the isomerization selec-
tivity decreases with increasingdecane conversion
RH +Hs —> R*+ H, 2 (secondary cracking) for both catalysts, but the iso-

merization selectivity is always higher for the catalyst
Hsp with high Pd/SiQ content.

R*—> (isomerization) R *—= R’H(isomerized)

\(cracking) / 3.2.2. n-Hexane (CgH14)
Fig. 7shows the results of thehexane reaction on

cracked product ©)) mixtures of Pd/Si@ + mordenite. Similar to that of
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Fig. 6. Results ofi-decane reaction (1 MP&//F = 0.5-4 g h/mol,
Ha/n-decane = 9, Pd/SiQ + mordenite 0.4g, 553K).@,
Pd:mordenite= 3:1; B, Pd:mordenite= 1:4.

n-decane, this mixed catalyst showed high and stable
catalytic activity. The characteristic features of the
n-hexane reaction is that little cracking reaction pro-
ceeded under these reaction conditions, which means
that the cracking reactivity oh-paraffin decreases
drastically with a decrease in the chain length.

3.2.3. n-Octane (CgH1g)

Figs. 8 and Sshow the product distribution of the
n-octane conversion on the Pd/Si@hordenite mixed
catalyst. It is clear from the data iRig. 8 that the

5

20

Conversion/%

TOF

20

40 60
Mordenite content/%

&0 100

Fig. 7. Results ofn-hexane reaction (1 MPa, Jh-hexane= 9,
Pd/SiQ + mordenite 0.4gW/F = 1gh/mol, 553 K).
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Fig. 8. Results ofn-octane reaction (1 MPa, #th-octane= 9,
Pd/SiQ + mordenite 0.4gW/F = 2.4 gh/mol, 503 K).
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Fig. 9. Results ofn-octane reaction (1 MPa, dh-octane= 9,
Pd/SiQ + mordenite 0.4 gW/ F = 2.4 gh/mol, 503 K).

product is the mixture of isomerized octane and almost
equi-molar amount of & C4 and G paraffins. This
phenomenon suggests that the cracking is the result
of simple splitting of then-Cg skeleton into stable
products. Also, it is clear frorfig. 9that the cracked
product is rich iniso-paraffins, which might be due
isomerization followed by cracking.

4, Conclusion

The direct production ofso-paraffins from syngas
can be accomplished by the conventional FTS reaction
and the subsequent hydrocracking/hydroisomerization
of the products, either in one stage or two stages.
The addition of small amount of physically mixed
H-ZSM-5 to a Co/SiQ FTS catalyst changes the
hydrocarbon distribution drastically by the selective
cracking of higher hydrocarbons (wax).

The hydrocracking of-Cg, n-Cg andn-Cjg (Sim-
ulates for FTS products) as individual compounds in
three separate experiments over a physical mixture
of Pd/SIQ and mordenite in different proportions,
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showed high and stable activity. The isomerization was
favored for Pd rich mixture while the TOF of crack-
ing reaction was independent on the catalyst com-
position. The hydrocracking was the simple splitting
of hydrocarbon skeleton, yielding a product rich in
iso-paraffins.
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