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Large-scale synthesis of cobalt nanoparticles supported on alumina (Co/Al,O3), which has well dispersed

metallic cobalt around 15 nm, was conducted via a simple melt infiltration process of a cobalt hydrate
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salt and subsequent thermal reduction. The catalytic performance of Co/Al,Oz was studied for Fischer—

Tropsch synthesis in order to optimize the liquid fuel productivity for target hydrocarbon products
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1. Introduction

Fischer-Tropsch synthesis (FTS) is a catalytic polymerization
process for converting synthesis gas (a mixture of CO and H,)
into long-chain hydrocarbons to produce clean liquid fuels
from fossil resources, such as natural gas, biomass or coal.’
Especially, in the process of synthesis gas derived from natural
gas, cobalt supported catalysts have been used because of their
high FTS activity and selectivity for linear paraffins.* In recent
years, selectivity control for the hydrocarbon products has been
a big challenge in FTS.>® For instance, for the selective
production of gasoline-range hydrocarbon products (Cs-C,),
hybrid cobalt catalysts including zeolite compounds such as
ZSM-5 as a cracking catalyst were exploited.”® Until now,
numerous studies on the preparation of cobalt-based FTS
catalysts have been reported using various synthetic methods,
such as sol-gel, impregnation, co-precipitation, deposition—
precipitation, chemical vapour deposition and colloidal
methods.® Typically, the preparation variables of metal/
promoter loading, preparation method, pre-treatment, and so
on, significantly affect the catalyst performance in FTS.****
Study on nano-catalysis has rapidly grown with the addition
of new nanomaterials for various catalytic reactions.”*™® Along
this line, the development of nanostructured catalysts was
conducted, not only for fundamental study using computa-
tional simulations or theoretical backgrounds, but also for
industrial application.?** Surface science studies, in particular,
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controlled by reaction pressures and temperatures. The catalyst showed promising CO conversions up
to 76% with high hydrocarbon productivity (~1.0 gic gear = h™Y) and good stability.

have contributed to fundamental understanding of nano-
structured catalyst and catalysis.”® However, in many cases,
large-scale synthesis of nanocatalysts were still restricted by
complex synthetic processes that were expensive and took much
time, as well as by environmental problems caused by the use of
harmful solvents. In particular, large-scale nanoparticle prepa-
ration by solution phase was very difficult.>**® In addition, the
nanoparticles prepared using surfactants as stabilizer, have
organic layers on their surface, sometimes retarding the activity
of the catalyst.*®

For these reasons, many commercial catalysts, so far, have
been produced by a simple process involving mixing, shaking
and baking process. It is needed to develop more economical
and reproducible mass production methods for nanocatalyst
having high activity and promising catalytic performance.

Recently, de Jong et al. reported the melt infiltration process
as an emerging technique with no additional solvent use.” It
could be utilized as a fast, convenient route to prepare various
supported metal catalysts that contain small and well dispersed
active nanoparticles inside robust supports. Herein, we
demonstrate a simple and eco-friendly preparation method for
mass production of Co/Al,O; nanocatalyst, via a melt infiltra-
tion process without use of any organic solvent and an optimum
thermal reduction condition. A commercially available alumina
with high porosity and surface area was exploited as the support
for large-scale production of the catalyst. The catalytic perfor-
mance of the catalyst was optimized by conducting FTS reac-
tions with control of the reaction conditions (10 and 20 bar,
230-260 °C). Without additional use of a cracking catalyst, the
degree of carbon chain growth was controlled by the Co/Al,0O;
nanocatalyst under varied reaction conditions. Under the
optimum condition, the Co/Al,O; nanocatalyst shows high FTS
activity (~1.4 x 10~* molge gco ' s '), with good stability.

This journal is © The Royal Society of Chemistry 2017
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2. Experimental
2.1 Chemicals

Cobalt(n) nitrate hexahydrate (Co(NOj3),-6H,0, ACS reagent,
=98%) was purchased from Sigma-Aldrich. A gamma-alumina
powder was obtained from Strem Chemical, Inc. The chem-
icals were used as received without further purification.

2.2 Large-scale synthesis of Co/Al,O; nanocatalyst

For the preparation of the Co/Al,O; nanocatalyst with a theo-
retical Co load of 15 wt% in the reduced catalyst, 26.1 g of
Co(NO3),-6H,0 and 30.0 g of Al,O; was physically mixed in
a mortar for several minutes under ambient conditions, until
the colour of the powder was homogeneously pink. The mixed
powder was then aged in a polypropylene bottle at 60 °C in
a tumbling oven. After aging for 24 h, the sample was cooled
under an ambient atmosphere and transferred to an alumina
crucible in a furnace. Finally, the cobalt-incorporated alumina
powder was slowly heated at a ramping rate of 3.5 °C min~" up
to 450 °C under a hydrogen flow of 1.0 L min~". The sample was
held at the same temperature for 4 h under hydrogen gas. After
the thermal reduction, the Co/Al,O; nanocatalyst was cooled to
room-temperature and immediately submerged in ethanol (0.2
L) under a flow of nitrogen (1.0 L min~") in order to minimize
surface oxidation of the cobalt particles. The black powder
immersed in ethanol was simply separated by a magnet and
dried in a vacuum oven at room temperature. The final Co/Al,0;
powder was pressed into pellets; then the resulting catalyst disk
was crushed and sieved to yield 300-600 pm particles for a test
in a fixed-bed reactor.

2.3 Fischer-Tropsch synthesis

Fischer-Tropsch synthesis reactions were performed in a down-
flow fixed-bed stainless steel reactor tube with an inner diam-
eter of 5 mm. Typically, the catalyst (0.5 g) was diluted with glass
beads (425-600 pm, 2.5 g) to prevent hot-spot generation, and
then loaded in the catalyst bed. The reaction was carried out at
230-260 °C under 10 and 20 bar for 48 h using a reactant gas
(H,/CO = 2.0, GHSV = 6.8 NL g, - h™"). The composition of
the outlet gases was analysed using a gas chromatograph (DS
Science, iGC7200) equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID). The flow
rates of the outlet gases were measured using a wet-gas flow
meter (Shinagawa Co.). After FTS reaction for 48 h, the solid
hydrocarbon products were collected in a hot trap (240 °C), and
the liquid hydrocarbon products and water were collected in
a cold trap (0 °C). The isolated wax and liquid products were
analysed using an offline gas chromatograph (Agilent, 6890N)
and the simulated distillation method (ASTM D2887).

2.4 Characterization

The catalysts were characterized using high-resolution trans-
mission electron microscopy (HR-TEM, Tecnai TF30 ST), a titan
double Cs corrected TEM (Titan cubed G2 60-300), and high
resolution powder-XRD (Rigaku SmartLab). For TEM analysis,
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samples were prepared by putting a few drops of the corre-
sponding colloidal solutions on lacey carbon-coated copper
grids (Ted Pellar, Inc). Hydrogen chemisorption measurement
was carried out using a Micromeritics ASAP 2020 C. Before
measurement, the sample was heated in flowing hydrogen gas
to 400 °C and was held at the same temperature for 10 h. The H,
adsorption isotherm was measured at 35 °C. Nitrogen sorption
isotherms were measured at —196 °C with a Tristar II 3020
surface area analyser. Before measurements, the samples were
degassed in a vacuum at 300 °C for 4 h.

3. Results and discussion
3.1 Synthesis of Co/Al,O; nanocatalyst

Scheme 1 demonstrates the simple procedure for synthesis of
Co/Al,O; nanocatalyst with photos of the corresponding mate-
rials. A gamma-phase alumina was chosen as support, because
it can strongly interact with active nanoparticles, maintaining
small cobalt crystallites.”® Based on the pore volume of the
alumina support used, cobalt nanoparticles were loaded to
obtain uniform cobalt dispersion with the optimum Co content.
Using a 0.87 Zcobalt salt/Zalumina Iatio, the active Co nanoparticles
were successfully embedded in the porous alumina support.
The Co-loading content after the final thermal treatment was
calculated to be nominally 15 wt% on the basis of Co converted
from the cobalt nitrate salt. First, the hydrated cobalt salt was
melt-infiltrated into the alumina powder by grinding at room
temperature with subsequent aging at 60 °C for 24 h in
a tumbling oven. Next, the infiltrated cobalt salt inside the
alumina pore was decomposed into tiny Co nanoparticles by
thermal reduction at 450 °C under a flow of hydrogen. The high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image showed bright dots, indi-
cating the Co nanoparticles in the porous alumina support
(Fig. 1a). The elemental mapping of cobalt (red) and aluminium
(green) demonstrated a uniform particle dispersion without any
extremely agglomerated particles (Fig. 1b and e). TEM analysis
also revealed the status of Co nanoparticles as black dots
(Fig. 1c). The high-resolution TEM (HRTEM) image and corre-
sponding Fourier-transform pattern represented single crystal
of metallic cobalt with a distance of 0.205 nm between neigh-
bouring fringes, which correspond to the (111) planes of face-
centered-cubic cobalt (Fig. 1d). The average particle size was
measured to be 15.2 & 2.7 nm in the TEM images (Fig. 1c, S1,

+te ™ @0 ™ o

ALO;, Co(NO,),"6H,0 Co salt/Al,0, Co/AlL,O,
Scheme 1 A facile synthesis of Co/Al,O3 nanocatalyst by melt infil-

tration and thermal treatment.
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Fig.1 (a) HADDF-TEM image, (b) low-resolution scanning-TEM image
with elemental mapping of cobalt and aluminium, (c) TEM image, (d)
HR-TEM image with the corresponding Fourier-transform pattern
(inset of d), (e) magnified scanning-TEM image, and (f) XRD spectrum
of Co/Al,Oz nanocatalyst. The bars represent 200 nm (a, b), 100 nm (c),
2 nm (d), and 10 nm (e).

ESI}). The X-ray diffraction (XRD) spectrum of Co/Al,O3 nano-
catalyst matched to the metallic Co (JCPDS no. 15-0806; space
group, Fm3m) and gamma-phase Al,O; (JCPDS no. 10-0425;
space group, Fd3m) (Fig. 1f). Major peaks of alumina were
observed at 20 = 37.6°, 45.9°, and 67.0°. The peak at 20 = 44.2°,
which was assigned to the reflections of the (111) plane in the
fce-Co, reflects tiny Co single-crystal domain sizes. The average
size of the Co crystals was estimated to be 14.2 nm, from the
broadness of the (111) peak using the Debye-Scherrer equation,
which well-matched that observed in the TEM images. The
average cobalt size of Co/Al,O; nanocatalyst was also measured
to be 17.1 nm, based on calculation of the Co dispersion (5.62%)
obtained by H, chemisorption.

N, sorption experiments for pristine Al,O; and the Co/Al,O3
nanocatalyst exhibited type IV adsorption-desorption hyster-
esis. The Brunauer-Emmett-Teller (BET) surface areas of the
alumina and the Co/Al,O; nanocatalyst were calculated to be
205 m”> g ' and 196 m” g™, respectively (Fig. 2a). The total pore
volume of the Co/Al,O; nanocatalyst was found to be 0.31 cm®
g~ ', which is about 70% of the initial alumina (0.44 cm® g™ ?).
The significant decrease in the pore volume of the Co/Al,O;
nanocatalyst was attributed to the cobalt occupancy. It
demonstrates that the cobalt particles are mainly located inside
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Fig. 2 (a) N, adsorption/desorption isotherms and (b) pore size
distribution diagrams of pristine Al,Oz and Co/Al,Oz nanocatalyst.

the alumina pores, not on the outside. Applying the Barrett-
Joyner-Halenda (BJH) method, the small pore sizes were ob-
tained by the adsorption/desorption branches (Fig. 2b). Because
of the occupancy of the alumina pores by the cobalt particles,
the pore size in the Co/Al,O; was also slightly decreased,
compared to those of pristine Al,O; (6.5 nm at the desorption
branch and 8.6 nm at the adsorption branch).

3.2 Fischer-Tropsch synthesis reaction test

The catalytic activity of the synthesized Co/Al,O; nanocatalyst
was tested for the FTS reaction in a fixed bed reactor (Fig. 3). The
reactions were carried out at 10 and 20 bar, 230-260 °C, with an
H,/CO ratio of 2’. In the reactions, CO conversion and hydro-
carbon selectivity data were obtained for 48 h over time-on-
stream (TOS) by analysing the gas chromatography data of the
outlet gasses containing the unreacted CO, H,, CH,, C,-C,

mass flow controller

thermocouple

]+ fixed-bed reactor

electric
.

heater

electric pressure controller

wet gas meter

gas chromatography

(TCD, FID) liquid drain

Fig. 3 Schematic diagram of Fischer—Tropsch synthesis reaction
instruments.

This journal is © The Royal Society of Chemistry 2017
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hydrocarbons and CO,. Because the active Co phase had been
already generated during the catalyst preparation step before
the FTS reaction, the Co/Al,O; nanocatalyst could be directly
employed in FTS without an additional in situ reduction/
activation process. Under the same temperature conditions,
higher CO conversions were measured at 20 bar than 10 bar
(Fig. 4). This is, because higher reaction pressure can provide
more beneficial conditions in FTS, as follows:

nCO + (2n + 1)H, — C,H,, .+, + nH,0 (paraffins)

nCO + 2nH, — C,H,, + nH,O (olefins)

Furthermore, the Co/Al,O; nanocatalyst exhibited enhanced
CO conversion with increased reaction temperature (230 to 260
°C) under the same reaction pressure condition. At 20 bar, the
total CO conversion rates were observed to be 36.4% at 230 °C,
55.8% at 240 °C, 69.2% at 250 °C, and 76.0% at 260 °C, at TOS =
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Fig. 4 (a—h) CO conversion graphs of Co/Al,Os nanocatalyst at 10—

20 bar and 230-260 °C. The total CO conversion is the sum of the CO
conversion to hydrocarbons (CO to HC) and the CO conversion to
CO, (CO to CO,). The reaction tests were conducted at GHSV = 6.8
NL geat *h™tand a H, : CO ratio of 2",
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48 h. The highest CO conversion was obtained at 20 bar and
260 °C.

In the selectivity data, increase of the reaction pressure tends
to increase Cs, selectivity and decrease CH, selectivity. This
trend leads to the high yield of Cs, hydrocarbons (Fig. 5). Under
20 bar, the FTS reaction at 260 °C showed higher CO, (4.3%),
CH, (24.0%), and C,-C, (12.4%) selectivity and lower Cs,
selectivity (59.3%) than at lower temperatures. The reaction at
230 °C showed low CO, (0.2%), CH, (13.5%) and C,-C, (9.2%)
selectivity, and high selectivity for Cs. (77.1%). Higher CO,
concentrations in elevated reaction temperatures were mainly
attributed to the increased water-gas shift (WGS) reaction as
follows:

CO + H,O0 < CO, + H,

The catalyst activity has been also noted in terms of the
Cobalt-Time-Yield (CTY), i.e., the number of CO moles con-
verted to hydrocarbons per gram of cobalt per second over TOS.
It can simply reflect the CO conversion and hydrocarbon
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Fig. 5 (a—h) CO, and hydrocarbon selectivity graphs of Co/Al,Oz
nanocatalyst at 10-20 bar and 230-260 °C. The reaction tests were
conducted at GHSV = 6.8 NL gear *h™tand a H, : CO ratio of ‘2.
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selectivity of catalysts for each FTS reaction condition. The Co/
Al,O; nanocatalyst showed good catalytic performance with
high CTY values (Fig. 6). As expected, the catalyst used at the
higher reaction temperature of 260 °C showed much higher
CTY values than those of 230-250 °C. In particular, the CTY
value at 20 bar and 260 °C was calculated to be 1.41 x 10~*
molco gco ' s~ at TOS = 48 h, comparable with previously
reported values of Co/Al,0;, Co/C, and Co/SiO, catalysts
(Fig. 6b, Table S17). Increase of the reaction pressure at the
same reaction temperatures led to increased CTY values.
Controlling temperature was more effective for increasing FTS
activity than controlling the reaction pressure, and resulted in
high CTY values.

The Co/Al,0; nanocatalyst also showed very high produc-
tivity for hydrocarbon products. The specific hydrocarbon
productivities were obtained from gas chromatography analysis
of gaseous products and simulated distillation analysis of iso-
lated solid and liquid products after FTS reactions (Fig. 7). At 20
bar and 260 °C, the maximum value of the total hydrocarbon
(HC) productivity from C; to C,4 was found to be 1.0 gyc gcafl
h™'. As expected, higher productivity at 20 bar for liquid
hydrocarbon (Cs.) was measured than at 10 bar. In the case of
gasoline-range products (Cs-Cj,), the maximum productivity
(0.381 guc Zeae - h™') was observed under 20 bar at 260 °C
(Fig. 7b). On the other hand, the maximum values for diesel-
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Fig.6 Cobalt-Time-Yield (CTY) graphs conducted under 230-260 °C
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range products (C;3-C;g) and wax-range products (Co+) were
observed under 20 bar at 250 and 240 °C, respectively.

At 20 bar, the wax-range portion (C;o,) in total weight
portions was significantly decreased with increase of reaction
temperatures, indicating 27.1% at 230 °C and 8.0% at 260 °C
(Table S21). On the other hand, the gasoline-range portion (Cs-
C;,) was increased (25.8% at 230 °C to 36.3% at 260 °C).

The chain growth probability («) of the hydrocarbons can be
calculated using the Anderson-Schulz-Flory (ASF) chain growth
mechanism in the following equation:*

log(W,/n) = log(In® &) + n log «

where W, is the weight fraction of hydrocarbons with carbon
number n. The « values were obtained from the slope of the
graph from Cs to Cy4. The high « value (0.885) at 230 °C and 20
bar indicate that the high pressure and low reaction tempera-
ture can provide more advantageous conditions for carbon
chain growth on the catalyst (Table S31). This value is apt to
produce wax-range hydrocarbons (C;o.), but for the optimum
production of diesel or gasoline range hydrocarbons, the
« value should be lower. The obtained values of 0.848 at 250 °C

This journal is © The Royal Society of Chemistry 2017
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and 0.785 at 260 °C belong to optimal ranges of diesel (C;3-Cys)
and gasoline (Cs-C;;) range hydrocarbon products,
respectively.*®

4. Conclusions

The Co nanoparticles (~15 nm) supported on alumina were
simply prepared with tens of gram scale in a batch, via melt
infiltration and subsequent thermal reduction. This route was
reproducible, economically feasible, and eco-friendly. The Co/
Al,O; nanocatalyst, with supreme thermal stability and high Co
dispersion, showed good CO conversion (~76%), very high CTY
value (~1.4 x 10~* molgo gco ' s~ ') and remarkable hydro-
carbon productivity (~1.0 ¢ gear - h™') under controlled FTS
conditions. It is anticipated that the optimum reaction condi-
tions for this catalyst could be effectively applied to commercial
FTS for producing target liquid fuel products such as gasoline-
and diesel-range hydrocarbons.
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