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Fischer-Tropsch synthesis (FTS) over unsupported coprecipitated cobalt catalysts in n-decane in a batch
slurry phase reactor by adding water vapor (H,0/CO=0.12 in molar ratio) prior to reaction has been
studied. The addition of water vapor exhibits a marked effect on the product selectivity. In the absence
of water, the carbon number distribution of FT products follows the classical Anderson-Schulz-Flory
(ASF) pattern resulting in a low selectivity (32%) in the desired Cqo+ hydrocarbons. In contrast, with the
promotion of water vapor, the formation of heavy products is appreciably increased up to 87.3% in Cyo+
hydrocarbons so that the selectivity in the range of Cs—Cso increases obviously along with an increase
in carbon number (n), which leads to a substantial deviation from ASF pattern. The effect of water is
explained by suppressing secondary hydrogenation of 1-olefins and facilitating their readsorption and

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As petroleum reserves dwindle and stringent environmental
regulations have been enacted, the world will increasingly rely on
Fischer-Tropsch synthesis (FTS) which is a reductive oligomeriza-
tion process of synthesis gas (syngas) consisting of CO and H, to
produce super clean fuels and chemicals from the vast reserves of
coal, natural gas, oil shale, and tar sands, or from biomass [1]. Since
the products produced by FTS are a wide range of hydrocarbon from
C; to>Cqgg not selective for any specific desired fraction owing to
its essence of polymerization, controlling the selectivity to desired
product is of great importance.

FTS mainly produces normal (n-) hydrocarbons (n-paraffins and
1-olefins) as the primary products, and the n-hydrocarbons in the
range of C5-C;o have poor octane number rating not favorable
for its direct use for gasoline engines [2-6]. Methane in the high-
est selectivity and ethane are needed to be reformed into syngas,
in addition, the recycling between methane and syngas decreases
the process efficiency. In contrast, n-hydrocarbons in the range of
~Cq1-Cyo with high cetane number rating constitute an ideal fuel
for diesel engines which runs ~30% more efficiently than gasoline
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engines [7,8]. The wax (C,1+) produced by FTS has been recognized
as high qualities and stabilities and which is aromatics- and sulfur-
free [9,10].

Normally, FT product distribution follows Anderson-Schulz-
Flory (ASF) pattern, in such cases the logarithm mole of the product
(logWp/n, Wy, is the mass fraction of a particular product) is lin-
early plotted against carbon number (n) [11-14], which brings a
persistent interest in selective synthesis of products [15]. Probabil-
ity of chain growth (« value) is the ratio of the chain propagation
rate constant to the chain propagation plus the chain termina-
tion rate constants. The chain growth factor («) is determined by
catalyst structure and composition, reaction phase (gas-, liquid-,
gas-liquid-, and supercritical- phase), and reaction parameter, such
as temperature, syngas partial pressure, H,/CO ratio in feed gas.
Although the high chain growth factor («) can increase the selec-
tivity in heavy products, the ASF pattern always leads to a gradual
decrease in selectivity with anincrease in carbon number (n), which
limits the formation of desired middle distillates and heavy hydro-
carbons (wax) [11-14,16]. Therefore, it is preferable to produce
higher hydrocarbons in anti-ASF manner to obtain suitable heavy
products.

It is believed that the readsorption and subsequent secondary
reactions (hydrogenolysis, cracking, and reinsertion) of the primary
1-olefin products are the main reasons for the deviation from ASF
distribution and several researchers have reported the deviations
from ASF pattern in FTS [17-19]. However, these deviations are not
noticeable mainly because secondary hydrogenation is the main
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reaction pathway and the light 1-olefins are relatively more diffi-
cultto be readsorbed onto the catalytic sites for secondary reactions
due to chain length dependent diffusion limitation [20-23], solu-
bility [24-27], and physisorption. One of the present authors has
confirmed in a previous report that secondary hydrogenation of
primary 1-olefins is the main reaction pathway, which resulted in
no deviation from ASF pattern while the selectivity of 1-olefin is
greatly changed by selecting solvent [28-30]. The author has also
demonstrated that 1-olefin addition (1-olefin/CO=0.16 in molar
ratio) to FTS in a three-phase fixed-bed reaction system can achieve
anti-ASF pattern to a larger extent [31,32]. Heavy hydrocarbons are
thus increased remarkably while suppressing the formation of light
hydrocarbons, which is attributed to chain growth from the added
1-olefin by CH, incorporation. However, 1-olefins as chemicals are
very valuable. It is not economical to shift the carbon number distri-
bution towards the desired fraction through the adding 1-olefins.
In this paper, we report a remarkable deviation from ASF distri-
bution arises from the effect of added water which suppresses the
secondary hydrogenation.

In the FTS over Co-based catalysts, oxygen atoms in CO are
mainly removed as water. The cobalt catalysts do not exhibit sig-
nificant water gas shift (WGS) activity and thus the water partial
pressure increases with increasing CO conversion and residence
time. Therefore, studies on the effects of water in FTS are quite
important. The effects of water on the performance of the Co cata-
lysts are examined in both fixed-bed and slurry phase reactors by
several researchers [33-39], which are described to be either negli-
gible [40-42], or negative [34,43], or positive [33,44]. The negative
is concerned to the formation of inactive cobalt oxides or irre-
ducible cobalt-support compounds. As for positive effects, water
may affect syngas conversion and product selectivity such as higher
catalytic activity and higher chain growth factor («). However, any
remarkable anti-ASF pattern has not appeared in literature, which
might be due mainly to inefficient utilization of light primary 1-
olefins whose low boiling points result in a short residence time in
a flow-type fixed bed or in a slurry phase reactor [45].

Recently, we reported that coprecipitated Au/Co304 catalysts
are effective for the heterogeneous hydroformylation of olefins
[46]. The selectivity above 85% is the desired aldehydes and the
Au/Co304 catalyst can be recycled at least 4 times by simple
decantation. The gold nanoparticles act as a source of spillover
H reducing Co304 at a temperature about 200°C lower than the
reduction of pure Co304 (350-400°C). The reduced Co metal cat-
alyzes the hydroformylation reaction.

In the present work, we try to utilize unsupported Au/Co304
as a FTS catalyst in the presence of water. The gold as a reduc-
tion promoter may inhibit the oxidation of Co metal by water.
As reported by Nowitzki et al. [47], an alumina-supported palla-
dium shell around the cobalt for FTS can prevent Co oxidation in
H,O/H,. Thus, an unsupported Co304 was selected for our study on
the effects of water for avoiding some additional effects on water
sensitive support and the formation of irreducible cobalt-support
compounds. This study is to markedly increase the selectivity of
middle distillates and/or heavy wax by adding water. The amount
of added water (H,O0/CO=0.12 in molar ratio) is much less than
that (H,O/CO=0.6 in molar ratio) did not deactivate unsupported
Co304 in a continuous stirred tank reactor (CSTR) [48]. Water
is expected to affect the chain growth and secondary reaction
pathway (depressing the hydrogenation and promoting the chain
growth) for in situ formed 1-olefins. The 1-olefins not added but
in situ formed are efficiently utilized, which leads to anti-ASF pat-
terns. Thus, the selectivity of wax is remarkably increased to realize
a highly economical process. A batch slurry phase reactor is selected
for the study based on the consideration that all in situ formed 1-
olefins can be repeatedly used for secondary chain growth before
they are terminated as n-alkanes.
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Fig. 1. Schematic flow diagram of slurry phase FTS apparatuses.

2. Experimental
2.1. Preparation of catalysts

The Au/Co304 catalysts were prepared by coprecipitation
method. This was performed by adding aqueous solution of cobalt
(1) nitrate hexahydrate and HAuCl, to sodium carbonate aqueous
solution at one time at room temperature. The coprecipitates were
washed with distilled water to remove as much of the sodium and
chloride as possible. The wet solids were dried at 100 °C overnight
and then calcined in air at 400°C for 4h. The Co304 was pre-
pared in the same procedure. The gold loading was expressed by
atom% =100 x Au/(Au+M).

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) studies were carried out with
a RINT 2000 system (Rigaku) diffraction meter using Cu-K, radi-
ation. The Brunauer-Emmett-Teller (BET) surface areas and pore
volumes were determined from nitrogen adsorption and des-
orption isotherm data obtained at 77.3K using an Autosorb-1
apparatus (Quantachrome). The microstructures of calcined sam-
ples were studied by transmission electron microscope (TEM)
images obtained on a JEM 2100XS instrument (JEOL) operated at
200KkV. The Co K edge XAFS measurements were made on BL14B2
beam line at Spring-8, Sayo-cho, Hyogo, Japan.

2.3. Catalytic reactions for FIS

A batch slurry phase reactor is best suited to study the effects
of water on product selectivity. Fig. 1 shows a flow diagram
of the experimental unit. First, catalyst (150mg) and solvent n-
decane (14.6 g) were added into reactor in sequence. The reactor
was purged by hydrogen twice and then vaporize water in 2
into reactor as shown in Fig. 1. The inlet (a) and outlet (b) of
the reactor were closed and open the condenser 3. The vapor-
ized water (10mmol) was then condensed into water liquid
uniformly on the wall of reactor and condenser. The pressure
was increased to a given initial pressure (6 MPa) at room tem-
perature by a 20 ml/min syngas (Ar/CO/H, =3/32.3/64.7) flow. CO
added is 84.1 mmol (H,0/CO=0.12 in molar ratio). The mixture
was then stirred mechanically (1000 r/min) and the tempera-
ture was elevated to reaction temperature (230 °C). After reaction,
the mixture was cooled to room temperature and the gas-phase
mixture was analyzed by a thermal conductivity detector (TCD)
coupled with a flame ionisation detector (FID) to determine CO
conversion and C;-Cs hydrocarbon content. Liquid-phase prod-
uct was analyzed using a GC 6850 (Agilent) equipped with HP-1
Column (J&W, length 30m, 0.32mm LD.) for C3-C49 hydro-
carbons. Hydrocarbon selectivity (%) is calculated by weight
base.
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Fig. 2. X-ray diffraction patterns of Co304 and Au/Cos0,4 catalysts prepared by
coprecipitation. (a) Co304; (b) 5atom% Au/Co304; (c) 10atom% Au/Co304; (d)
25atom¥% Au/Co304, (@) Co304; (O) Au.

3. Results
3.1. Catalyst characterization

3.1.1. X-ray diffraction

Fig. 2 shows XRD patterns of Co304 and Au/Co304 (5atom%,
10atom%, and 25atom% gold loading) catalysts. The diffraction
peaks at 20=19.0°, 31.4°, 36.9°, 38.6°, 44.7°, 55.7°, 59.3°, 65.2°,
74.1°, 77.5° are those of Co304. The peaks of Au are at 20=38.2°,
44.4°, 64.7°, 77.6°. It is evident that the peaks belonging to Au
become stronger along with an increase in gold loading from O to
25 atom¥% as shown in Fig. 2a-d [28,49,50].

3.1.2. Structural properties

As shown in Table 1, the specific surface area and pore structure
of catalysts were markedly affected by gold loading. The specific
surface area decreases with an increase in gold loading and is the
smallest for 25atom% Au/Co304, whereas the pore volume and
pore diameter reach maxima at 5 or 10atom% gold loading and
are almost similar to each other for Co304 and 25 atom% Au/Co304
but much lower than those of 5 or 10 atom¥% gold loading.

3.1.3. TEM images

TEM images of the Au/Co304 catalysts prepared by coprecipita-
tion followed by calcination at 400 °C are shown in [46]. Irrespective
of different gold loadings, Co304 particles are similar in size at
around 20-40 nm, while the size of Au particles changes with gold
loadings. Five atom% gold loading leads to a low population of Au
nanoparticles with sizes of 3-10 nm on the surfaces of Co304. The
change in the size of Au nanoparticles for 10 atom% Au/Co30y4 is not
obvious. However, the percentage of larger gold particles (6-10 nm)

Table 1
Physicochemical properties of Au/Co3;04 catalysts with different Au loadings pre-
pared by co-precipitation followed by calcinations at 400 °C.

Catalyst Specific surface Total pore Average pore
area (m?g1) volume diameter (nm)
(em?g™)
Co304 45.5 0.03 2.2
5atom% Au/Co304 43.1 0.22 20.5
10atom% Au/Co304 40.1 0.19 19.3
25atom% Au/Co304 17.8 0.01 2.2

Au/Co504 (H, treatment)

Co foil

AU/C0304

Normalized Intensity / Arb. uni

T
7650 7700

T T T 1
7750 7800 7850 7900

Photon Energy (eV)

Fig. 3. Normalized Co K edge XANES spectra for cobalt compounds (a) reference
Co304, (b) 5atom% Au/Cos04 prepared by co-precipitation, (c) reference Co foil, and
(d)5 atom% Au/Co304 by reduction pretreatment (2.0 MPa, 100 °C, 3 h) in n-heptane.

and the population of gold particles on Co304 increase. In the case
of 25 atom% Au/Co3 04, the TEM image indicates that the Au seems
to give rise to coating-like patterns on Co304 and may not form
clear nanoparticles.

3.1.4. XANES spectra

The XANES spectra for the cobalt reference compounds (a)
Co304 and (c¢) Co foil and (b) calcined 5atom% Au/Co304 and
(d) 5atom% Au/Co304 by H, treatment (2 MPa, 100°C, 3h) in n-
heptane is shown in Fig. 3. It is clear that the calcined 5atom%
Au/Co304 prior to reduction is very similar to reference Co304
(Fig. 3a and b). After reduction, a strong absorption with unique
spectral feature (ca. 7725eV) disappeared. The reduced 5atom%
Au/Co304 closely resembles the spectrum of a Co foil (Fig. 3cand d),
which shows that Co30y4 is fully reduced Co metal by H; treatment
[51].

3.2. Catalytic results

3.2.1. Addition of water in vapor and liquid

Table 2 and Fig. 4 show the catalytic results in FTS by addition of
water. Inthe absence of water addition, the product selectivity gives
a rapid decrease with an increase in carbon number (n) (Fig. 4A),
which obeys the ASF pattern, although the reaction itself produces
a large amount of water (47.3 mmol at 71% convn). Total selectivity
for desired Cy1-Cy49 hydrocarbons is as low as 6.5% (Table 2, entry
1). By aid of water vapor (10 mmol, H,O/CO=0.12 in molar ratio)
that is far smaller than that of the FT water product, a novel carbon
number distribution substantially deviated from the conventional
ASF pattern, which resulted in a hydrocarbon selectivity increasing
with an increase in carbon number (n=7-27) (Fig. 4B). In this case,
the selectivity in desired C;9—Cy¢ and C31-C49 reached 27.9% and
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Table 2
Effect of water addition on the product selectivity of FTS.

Entry Addition of Pafter reaction CO conversion (%) Selectivity (%)
water (MPa)
G C C3-4 Cs.9 Cio-20 Co1-40
1 No 2.0 71.0 11.2 8.7 20.1 28.1 25.5 6.5
2 Water 1.7 74.2 39 0.9 4.1 9.0 279 59.4
vapor
4 Water 1.8 68.2 5.0 1.2 6.6 10.3 24.7 42.5
liquid

Reaction conditions: 5 atom% Au/Co304 catalyst=150 mg; T=230°C; Pipjtial synthesis gas =6 MPa (Ar/CO/H; =3/32.3/64.7); reaction time =11 h; solvent n-decane=14.6 g; water

vapor added = 10 mmol; the reactions were carried out in a closed autoclave reactor.

MH CHy
Il
R-CH,-CH=CH, M R-CH,-CH,-(CH,),
[
—_—
2) 3) & MH
R—CH:—CHZ—(‘:HZ R-CH,-CHy-(CH,),;-CH,
MH —M— R-CH,-CHj
MH MH
R-CH,-CH,
R-CH,-CH,-CH; CH,
; ——

in which M indicates a surface adsorption site

Scheme 1. Secondary reactions of in situ formed 1-olefins over Au/Co3;04 catalyst.

59.4% (Table 2, entry 2), respectively. As shown in Fig. 4C, a similar
carbon number distribution is obtained by the addition of liquid in
the same amount as water vapor. By comparison of these results,
the addition of water vapor affects more positive in the synthesis
of the heavy hydrocarbons rather than water liquid.

3.2.2. Effect of time on stream on product selectivity

As shown in Table 3 and Fig. 5, addition of water vapor in FTS
over unsupported Co304 catalysts caused a strong effect on product
selectivity and ASF pattern with time on stream (TOS). The prod-
uct selectivity in the range of C;1-C49 remarkably increased from
32.7%t0 59.4% with a corresponding decrease in light hydrocarbons
(C1-Cg) from 44.8% to 23.1% (Table 3, entries 1 and 2). The car-
bon number distribution rapidly deviated from the conventional
ASF pattern to a larger extent when the reaction time extended
from 11 h to 23 h (Fig. 5A and B). Interestingly, at a longer reaction
time (42 h), the carbon number distribution followed the conven-
tional ASF pattern leading to a low selectivity (29.5%) in C31-Cy4g
(Table 3, entry 4; Fig. 5B), although small change of CO conversion
was observed (74.2-81.9%).

Table 3

3.2.3. Effect of temperature on product selectivity

The effect of temperature on the product selectivity and the
carbon number distribution by addition of water vapor is pre-
sented in Table 4 and Fig. 6. The anti-ASF patterns appeared at
both 230°C and 250 °C (Fig. 6B). At 230 °C, selectivity of the desired
heavy hydrocarbons C,1-C4 (Table 4, entry 2, 54.7%) was about
3 times of that at 250°C (Table 3, 17.1%). When the reaction was
operated at a lower temperature 215°C, selectivity of the hydro-
carbons in Cy1-Cyq (Table 4, entry 1, 40.8%) was decreased. Fig. 6A
shows clearly the selectivity for hydrocarbons Cy5-C3g (230°Ccase)
was much higher than that of the lower hydrocarbons (C7-Cp4).
Consequently, optimal reaction temperature could maximize the
selectivity in desired hydrocarbons.

3.2.4. Effect of gold loading in Au/Co30,4 on product selectivity

The gold loading obviously affected the product selectivity in
FTS over Au/Co304 catalysts in the presence of water as shown in
Table 5 and Fig. 7. A high gold loading (10 or 25 atom%) led to a sim-
ilar carbon number distribution (Fig. 7A) to that at 250 °C (Fig. 6A).
Compared to pure Co30y4, the selectivity in C;-Cgq for 10atom%
Au/Co304 was notably increased from 32% (Table 5, entry 1) to
69.2% (Table 5, entry 3). Correspondingly, the selectivity in C31-Cy4g
was decreased from 54.2% (Table 4, entry 1) to 22.7% (Table 4,
entry 3). A low gold loading (5 atom%) did not change the prod-
uct selectivity compared to that of pure Co304 (Table 5, entries 1
and 2).

3.2.5. Hydrogenolysis of FT products and n-dotriacontane
(n-C32Heg)

As mentioned above, a long reaction time (42 h) resulted in a
conventional ASF pattern and low selectivities in heavy hydrocar-
bons (Table 3, entries 3 and 4). It is supposed that the formed heavy
hydrocarbons (C;1-C49) have been hydrogenolyzed into lower
hydrocarbons due to low syngas pressure at late stage. To con-
firm this hypothesis, the hydrogenolysis of FT products obtained
at 23 h (TOS) was carried out in the absence of water at 230°C and
3 MPa H; for 30 h. A quite interesting phenomenon appeared such
as the carbon number distribution changed from anti-ASF pattern
to linear ASF pattern (Fig. 8B).

Effect of time on stream (TOS) on the product selectivity of FTS over coprecipitated Co304.

Entry Time on Paster reaction CO conversion (%) Selectivity (%)
stream (h) (MPa)
G G C3g Cs.9 Ci0-20 [T
1 6 4.9 19.9 34 1.1 10.6 294 19.9 35.7
2 11 4.1 33.2 44 1.9 11.1 274 22.5 32.7
3 23 1.7 74.2 3.9 0.9 4.1 14.2 17.5 59.4
4 42 1.3 81.9 6.9 4.2 10 29.2 20.1 29.5

Reaction conditions: C0304 =150 mg; T=230°C; Pinitial synthesis gas = 6 MPa (Ar/CO/H; =3/32.3/64.7); solvent n-decane = 14.6 g; water vapor added = 10 mmol; the reactions were

carried out in a closed autoclave reactor.
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Table 4

Effect of reaction temperature on the product selectivity of FTS over the coprecipitated 5 atom% Au/Co304.

Entry Temperature Pafter reaction CO conversion (%) Selectivity (%)
(cC) (MPa)
G G Csg Cso Ci0-20 Ca1-40
1 215 1.6 77.0 4.6 1.6 10.2 29.2 13.7 40.8
2 230 1.7 74.5 5.6 14 5.7 19.1 135 54.7
3 250 1.9 71.7 15.7 8.9 19.2 289 10.1 17.1

Reaction conditions: 5atom$% Au/C0o304=150mg; Pinitial synthesis gas =6 MPa  (Ar/CO/H;=3/32.3/64.7); reaction time=11h; solvent n-decane=14.6g; water vapor

added = 10 mmol; the reactions were carried out in a closed autoclave reactor.

In order to reveal the hydrogenolysis hypothesis of n-
hydrocarbons, a model compound n-dotriacontane (n-C3;Hgg) was
selected for study. Fig. 9 showed that high temperature and/or
low Hj partial pressure promoted its successive hydrogenolysis to
give a wide range of n-hydrocarbon whose selectivity is decreased
with a decrease in carbon number (n). It was also found that
plots of logW;/n against the carbon number (n) brought straight
lines over hydrogenolyzed products, which suggests that n-alkane
hydrogenolysis is a reverse process of its formation in FTS by
monomer CH, polymerization.

4. Discussion

Syngas (CO and H;) is converted to hydrocarbons via FTS over
a heterogeneous catalyst containing a group VIII metal (Fe, Co,
Ru). CO and H, are at first dissociated on the catalyst surface and
converted into CHy species and H,O [52]. The alkyl chains which
originate from CH3 species followed by CH, insertion can subse-
quently be formed out of these initial species. The bond chemically
bound to the catalytic active site at the terminal carbon can be
broken, thus terminating the chain growth. Generally speaking,
two termination pathways are possible, namely thermodynami-
cally favorable 3-dehydrogenation to 1-olefins or a-hydrogenation
to n-paraffins (constant rate ratio of about 70-80%), producing FT
primary products rich in 1-olefins [53-56]. Such a chain growth
mechanism will obey the ASF polymerization theory that a molar
distribution is decreased exponentially with chain length (n). The
prerequisite for following polymerization theory is that the des-
orbed C,H;, or C;Hy,+; from the metal surface does not readsorb
onto the catalyst surface for subsequent secondary reactions.

Iron-based catalysts for FTS can give high 1-olefin contents in
60-80% molar ratio independent on residence time because 1-
olefin readsorption onto the Fe sites for secondary reactions is
poor [57,58]. In the case of Co-based catalysts, 1-olefins are eas-
ily readsorbed onto catalytic sites for many competitive reactions
such as hydrogenation (Scheme 1, pathway 1) [59-62], dehydro-
genation (Scheme 1, pathway 2), reinsertion (Scheme 1, pathway
3)[9,20,21,63], and hydrogenolysis (Scheme 1, pathway 4) [64-71]
when they cannot immediately escape from catalyst surface due to
diffusion limitations.

Table 5
Effect of catalyst on the product selectivity of FTS.

Hydrogenation of the 1-olefins into n-paraffins in the same
carbon number has no direct impact on ASF pattern. In contrast,
the hydrogenolysis and the reinsertion will shift the carbon num-
ber distribution and result in deviations from Schulz-Flory law
[9,20,21,63-71]. The hydrogenolysis of n-paraffins and 1-olefins
will shorten the chain length to lighter hydrocarbons. On the con-
trary, 1-olefin reinsertion by CH, species can grow the chain length
to higher hydrocarbons. Thus, controlling pathway for secondary
reactions becomes important for a higher selectivity in desired
hydrocarbons.

As mentioned above, wax and middle distillates are favorable
products for FTS due to their high grade for direct use. In addition,
the wax could be selectively hydrocracked into light hydrocar-
bons rich in isoalkanes as premium gasoline fuel and diesel fuel, in
which the undesired gas products (C;_,) are produced in negligi-
ble yields because the carbenium ion mechanism rather than a free
radical reaction is always responsible for hydrocracking hydrocar-
bons with synthetic zeolites [5]. Therefore, an enormous amount
of research on FTS aims at selective synthesis of wax and middle
distillates [23,72-75].

In general, two approaches can be utilized for controlling selec-
tivity of hydrocarbons in FTS. One is to promote the original
chain growth probability (o value) by modifying catalyst struc-
tures and components, utilizing reaction phases (supercritical-,
gas-liquid-solid-, and slurry- phase), and selecting suitable reac-
tion parameters such as low temperature, low H,/CO ratio in feed
gas. However, the original chain growth mechanism does always
yield a Schulz-Flory distribution, which limits selective synthe-
sis of FT products in heavy hydrocarbons. The other way is to
initiate the chain propagation (Scheme 1, pathway 3) by in situ
formed 1-olefins. Chain growth via this approach cannot only con-
vert reactive 1-olefins into heavier hydrocarbons by successive CH,
incorporation but also suppress the original chain growth [31,32].
Suppressing original chain growth will directly decrease the selec-
tivity of light products.

Although FTS produces high 1-olefin contents, the 1-olefins
readsorbed to form alkyl-metal species for secondary reactions are
mainly hydrogenated (Scheme 1, pathway 1). The reaction man-
ner is considerably different from the original growing alkyl-metal
species (CH, insertion as the main pathway) [31,32]. As reported

Entry Catalyst Paster reaction CO conversion (%) Selectivity (%)
(MPa)
G G G4 Cs9 Cio-20 C1-40
12 Co304 2.9 54.7 5.7 0.9 4.8 20.7 13.8 54.2
2 5atom% Au/Co304 1.7 74.5 5.6 14 5.7 191 13.5 54.7
3 10atom% Au/Co304 2.1 68.3 12.3 8.3 229 25.7 8.1 22.7
4 25 atom% Au/Co304 32 49.8 115 5.9 17.9 27.1 123 25.2

Reaction conditions: catalyst =150 mg; T=230°C; Pinitial synthesis gas = 6 MPa (Ar/CO/H, =3/32.3/64.7); reaction time = 11 h; solvent n-decane = 14.6 g; water vapor added=14.6 g;

the reactions were carried out in a closed autoclave reactor.

a Before run, the catalyst was in situ reduced with H, 1.0 MPa in 20 ml n-decane at 350°C for 2.5 h.
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(Ar/CO/H; =3/32.3/64.7). (A) no addition; (B) 10 mmol water vapor; (C) 10 mmol
water liquid.

in previous publications, the large difference in 1-olefin contents
in FTS does not obviously change the carbon number distribution
and the chain growth probability (« value) [28-30]. Co-feeding 1-
olefin experiments also confirm the 1-olefins added are mainly
hydrogenated, only small part of the added 1-olefins are utilized
as initiator for chain growth, which leads to ineffective utiliza-
tion [31,32]. Despite anti-ASF pattern obtained in olefin-added FTS,
it is not economical because 1-olefins themselves are very useful
chemicals.

Selectivity %
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4

B L o o o o e L e o e o L BB
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Carbon number

Fig. 5. Effect of time on stream (TOS) on the product selectivity and ASF pattern.
Reaction conditions: Co304 150 mg; solvent n-decane 14.6 g; T=230°C; water vapor
10 mmol; Pigitial syngas =6 MPa (Ar/CO[H2 =3/32.3/64.7). (0) 11 h; (#) 23 h; (») 42 h.
(A) Hydrocarbon selectivities; (B) product distribution.

Thus, suppressing the 1-olefin hydrogenation into n-paraffin
while promoting the chain growth become quite difficult target
in FTS because Co metal is favorable for hydrogenation reaction.
Kinetically, the hydrogenation for adsorbed 1-olefins is always
faster than the chain growth by CH, insertion.

Water is a primary oxygen-containing product in FTS as oxy-
gen atoms of CO, which is predominantly removed as water on
Co-based catalysts. The effects of water on FTS over supported or
unsupported Co-based catalysts are studied in both fixed-bed and
slurry-phase reactors by several researchers [33-39]. In literature,
a remarkable release from ASF pattern has not appeared over var-
ious catalysts in the presence of water, although there are lower
methane and higher Cs. selectivities in some cases [45,76,77]. As
shown in our studies (Fig. 4), addition of small amount of water
(H20/CO=0.15 molar ratio) in FTS over unsupported Co304 cat-
alysts in a batch slurry phase reactor could dramatically change
the carbon number distribution so that the selectivity of hydrocar-
bon increases along with an increase in carbon number (n) over a
wide range (n=_8-30). The positive effect may be due to increasing
surface concentration of active carbon in the presence of water.
Bertole et al. has developed a simple ‘surface crowding’ kinetic
model explaining the simultaneous increase in surface concen-
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Fig. 6. Effect of reaction temperature on the product selectivity and ASF pattern.
Reaction conditions: 5atom% Au/Co304 150 mg; solvent n-decane 14.6g; water
vapor addition 10 mmol; T=230°C; Pinitialsyngas = 6 MPa (Ar/CO/H, =3/32.3/64.7).
(0)230°C; (A)250°C. (A) Hydrocarbon selectivities; (B) product distribution.

tration and decrease in methane selectivity [39]. In our report, a
remarkable deviation from ASF pattern could be mainly attributed
to chain growth by in situ formed 1-olefins.

As it is well confirmed, water can inhibit secondary hydrogena-
tion of 1-olefins [48]. Thus, more 1-olefins are available for chain
growth. In other open fixed-bed or slurry phase systems, light 1-
olefins can flow out of reactor under reaction conditions, which

CH;-(CH,),-CH,-CHj

1))

CH;-(CH,),-CH,- CH2

CH3-(CHy)y- CHz

12

Selectivity %
(=}

-5

-6
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0 5 10 15 20 25 30 35 40

Carbon number

Fig. 7. Effect of gold loading on the product selectivity and ASF pattern. Reaction
conditions: catalyst 150 mg; solvent n-decane 14.6 g; T=230°C; water vapor addi-
tion 10 mmol; Pigjtial syngas =6 MPa (Ar/CO/H; =3/32.3/64.7). (O) Co304, before run,
the catalyst was in situ reduced with H, 1.0 MPa at 350°C for 2.5h; (®) 25 atom%
Au/Co304. (A) Hydrocarbon selectivities; (B) product distribution.

decreases the residence time for secondary chain growth. In a batch
slurry phase reactor, all in situ formed 1-olefins can be utilized back
and forth going along the route below (also see pathways 2 and 3
in Scheme 1) before they are terminated as n-paraffins.

1 — olefin readsorption — chain growth — desorption to 1-olefin

— readsorption (desorpted 1-olefin) — chain growth—- —

ﬁHZ 2MH CH,
—M— —> 3 — N
“)

CH3-(CH,),-CH;

e
(&)

_M_

in which M indicates a surface adsorption site

Scheme 2. A possible mechanism for n-alkane hydrogenolysis by a-scission over Au/Cos;04 catalyst.
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Fig. 8. Effect of H2 treatment of the FT products on the ASF pattern. Reaction condi-
tions: Co304 150 mg. (O) The case of 23 hin Fig. 5, before treatment; (M) the products
were treated with H2 at 230°C and 3 MPa for 30 h.

In the absence of water, secondary hydrogenation is the main
reaction pathway leading to a conventional ASF pattern, although
the reaction was carried out in a closed system. By adding water in
FTS, water may lower the barriers to CO dissociation due to direct
interaction between the weak hydrogen bonding of water and the
oxygen of CO. As a result, the surface carbon crowded makes cat-
alyst surface rich in CH, species. Thus formed surface poor in H
and rich in CH, does favor in both original and secondary chain
growth. Ratio of secondary chain growth by CH, incorporation to
chain termination by hydrogenation is notably increased as shown
in Scheme 1 (pathways 1 and 3), which is responsible for a remark-
ablerelease from ASF pattern. This explanation is in agreement with
experimental data. As shown in Figs. 6 and 7A, a high reaction tem-
perature (250 °C) or a high gold loading (10 or 25 atom%) always led
to a very high selectivity in light hydrocarbons, although the reac-
tion proceeds in the presence of water. It may be explained that
high temperature or high gold loading promotes the rate of sup-
plying atomic H and thus the chain termination to light paraffins
is increased. Once n-paraffins are formed, secondary chain growth
cannot be continued.

Secondary hydrogenolysis also plays an important role in con-
trolling the selectivity of hydrocarbons [64-71]. The hydrogenoly-
sis is strongly dependent upon the reaction conditions. As shown

A 16
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Product ( mmol, C base)
(=]
(=)}
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L e e e L
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Carbon number

Fig. 9. n-Dotriacontane (n-Cs;Hgg) hydrogenolysis over Co30,4 catalyst at differ-
ent conditions. Reaction conditions: 150 mg Co304, solvent n-decane = 1028 mmol
(C base), n-dotriacontane =42.7 mmol (C base), reaction time =30 h. Total products
(C17-31) and conversion of n-dotriacontane for (A) 1.1 mmol and 2.6%; (B) 4.4 mmol
and 10.3%; (C) 5.7 mmol and 13.5%.

in Fig. 9, a high temperature and/or a low H, partial pressure in
the absence of CO can promote the hydrogenolysis rate. A possible
mechanism on n-alkane hydrogenolysis is described in Scheme 2.
C-H bond is activated on Co metal to form n-alkyl-Co-H (pathway
1). The n-alkyl-Co-H gives shorter n-alkyl-Co-H and CH,=Co by «-
scission (pathway 2). The intermediates n-alkyl-Co-H and CH,-Co
could be terminated as n-alkane (pathway 3) and methane (path-
way 4) by hydrogenation. Higher temperatures may be favorable
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for C-H bond activation and C-C bond cleavage, which results in
higher reaction rates. When the H, partial pressure is increased,
the hydrogenolysis rate becomes slower. It can be explained that
a high H, partial pressure may increase the coverage of H on Co
metal and the number of catalytic sites for n-alkane activation
is decreased. A high atomic H concentration on catalytic surface
makes the termination of n-alkyl-Co-H chains faster and thus
inhibits the successive a-scission to lighter hydrocarbons. Since
addition of H to 1-olefins forming n-alkyl-Co chain is easier than
C-H bond activation in n-alkane, n-alkane hydrogenolysis becomes
much more difficult than 1-olefins. In literature, hardly any infor-
mation can be found on the n-alkane hydrogenolysis during FTS,
although there are some indications that it can occur [62,65,78].
In addition, the hydrogenolysis reaction can be suppressed by CO
because CO poisons C-C, C-H, and H-H bond breaking reactions.
In conventional FTS conditions, product hydrogenolysis for both
n-alkanes and 1-olefins is negligible due to the low reaction tem-
perature and the high CO partial pressure. In contrast, a low CO
partial pressure will greatly increase the hydrogenolysis rate. As
showninFig. 5A, the formed heavy hydrocarbons are converted into
light hydrocarbons resulting from the low syngas pressure when
the reaction time extends from 23 h to 42 h, which indicates that
the chain growth is reversible.

To this end, we can draw key points on how to obtain anti-ASF
pattern in a great deviation in FTS catalyzed by Co-based cata-
lysts. First, designed catalysts and reaction parameters lead to a
high chain growth factor («). Second, reactors and process sys-
tems selected for FTS facilitate readsorption of reactive 1-olefins
and their contact time on catalyst surface as long as possible.
Third, secondary reactions for the 1-olefin hydrogenation and
hydrogenolysis should be suppressed to promote its initiation to
chain growth. By the addition of water, the most challenging con-
trol for secondary reaction pathways can be overcome shifting the
1-olefin hydrogenation to its chain growth by CH, incorporation.

5. Conclusions

In summary, we have shown that addition of small amount of
water to FTS exhibits a remarkable anti-ASF pattern in the carbon
number distribution by efficient utilization of in situ formed 1-
olefins, which is a simple but an economical approach to break the
classical ASF pattern for a higher selectivity in more valuable prod-
ucts. The anti-ASF patterns obtained might be mainly attributed to
(1) water helping the CO dissociation and thus making a surface
crowding of CH, but atomic H poor that favors the chain growth of
in situ formed 1-olefins and suppresses undesired their hydrogena-
tion to n-paraffins (2) long residence time for repeated utilization
forin situ formed 1-olefins especially light 1-olefins in a batch slurry
phase reactor. This work provides an example regarding the con-
trolling of the reaction pathways on intermediates towards the
production of value-added products. Similar to this example, there
may be a wide potential development in maximizing the formation
of value-added products by designing or controlling the reaction
route towards more efficient synthesis.
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