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ABSTRACT: Colloidal cobalt nanoparticles with well-defined
particle size (ca. 2.7 nm) were synthesized, characterized, and tested Water % i
in Fischer—Tropsch synthesis (FTS) using water and binary mixtures
as solvent. The catalytic results revealed that activity and selectivity
strongly depend on the nature and composition of the solvent
mixture: the tests in pure water produced light hydrocarbons (C,—

7 — 460 s {
C,), while the addition of organic cosolvents increased the activity FAf. N Qm

and shifted the selectivity to higher hydrocarbons (C,3—Cj). The 140

observed variations in the activity and selectivity were correlated to :20

syngas solubility in the medium used for catalysis. Under the tested -

conditions, ethanol/water (93/7 v/v) appeared to be the optimum l-ie_ta(l)le |:> I
binary solvent in terms of FT activity. 1 OI:) %
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B INTRODUCTION led to a significant increase in product formation rates and to
relevant variations in hydrocarbon selectivity, in particular
lower methane selectivity and improved chain growth.

The effect of other solvents in Fischer—Tropsch synthesis
was also identified in several reports as a key parameter to
enhance the catalytic performance of the catalysts. Liu et al.
studied the influence of additional linear hydrocarbons on the
selectivity to a-olefin products in FTS using a supported Co
and more recently biomass, making this transformation a key catalyst in a fixed-bed reactor .syster.n..7 With these so'lvents, no
process of the solid-to-liquids (STL), gas-to-liquids (GTL), and relevan?eﬁect on the catalytic activity nor the chanjn gFOWth
biomass-to-liquids (BTL) te chnologies.3 probablht}f (a—val'ue.) was observed, although a significant

Currently, one of the main challenges in FT research is the dec.rease in selectivity to a-olefins was described when long
design of not only active and stable catalysts but also highly chain hydrocarbon solvents such as hexadecane were used. The
selective active phases that provide hydrocarbons with narrow same group reported the effect of solvent on the selectivity to

Due to the fluctuating price of crude oil, Fischer—Tropsch
synthesis has generated renewed scientific interest because of
its potential capacity to produce high quality synthetic fuels.'
Through this reaction, synthesis gas (a mixture of carbon
monoxide and hydrogen) is transformed into a series of linear
hydrocarbon products.” At the same time, synthesis gas can be
produced from alternative feedstocks such as coal, natural gas,

chain length distributions.” Among the parameters that were long chz;in linear a-olefins over cobalt Fischer—Tropsch
shown to affect the selectivity of FT catalysts, the conditions catalysts. Interestingly, ca. 40% selectivity to a-olefins was
used (T, P, H,/CO ratio), the particle size of the catalysts, and obtained in the presence of n-decane, in comparison to ca. 2%
the presence of additives at the catalyst surface are probably the in the presence of n-hexane and it was concluded thag
most relevant.’” The presence of FT products (water and hydrogenation of a-olefins is more efficient in n-hexane.
hydrocarbons) at the catalyst surface was also reported to According to the authors, this phenomenon indicates that the
influence the output of the reaction.® For instance, Van Steen primary a-olefin products can be more effectively removed
and Claeys reported the effect of the presence of small amounts

of water during Fischer—Tropsch synthesis using a supported Received: December 18, 2014

ruthenium catalyst suspended in squalane in a slurry reactor.®” Revised:  May 20, 2015

This study showed that the addition of water during catalysis Published: May 28, 2015
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from the catalyst bed in n-decane due to the higher affinity for
heavy aliphatic hydrocarbons expected for this solvent
according to the longer carbon chain in comparison to n-
hexane.

The Davis group also investigated the effect of solvent on the
performance of supported cobalt-based catalysts in Fischer—
Tropsch synthesis using a continuously stirred tank reactor.”
They observed an increase in conversion when the molecular
weight of the solvent decreased. According to the authors, the
decrease in conversion with time is likely to be a result of pore
filling with solvent into the interior of the catalyst, which
increases with increasing molecular weight of the start-up
solvent.

For the study of solvent effects in FTS, the use of
unsupported nanoparticles is of high interest due to the
suppression of support-related issues such as internal mass
transport. Moreover, the synthesis of nanocatalysts by colloidal
methods provides a better control of their size and shape
compared to that of classical supported heterogeneous catalysts.
The first example of colloidal nanoparticles applied as catalysts
in aqueous FT synthesis (AFTS) was reported by Xiao et al,
who used ruthenium nanoclusters stabilized by poly(N-vinyl-2-
pyrrolidone) (PVP).'” Using these nanocatalysts, they
described a 35-fold increase in the activity over traditional
supported Ru catalysts. The smaller size and high dispersion,
and the three-dimensional freedom of the particles in water
were discussed as the key factors for such an increase in
catalytic activity at 180 °C. In addition, as the products of FTS
are insoluble in water, they can be easily separated from the
reaction mixture.'’ The same authors later reported the effect
of ionic additives on the performance of these colloidal
catalysts."” The same catalyst was also tested by Quek et al. in
the low temperature AFTS and a high selectivity to oxygenates
was obtained. The authors attributed this effect to a higher CO
coverage at the NP surface under these conditions."” Recently,
our research group reported the catalytic performance of
colloidal Ru-NPs stabilized by various polymers such as PVP
and lignins and showed that the nature of the NPs stabilizers
influences the selectivity of Ru catalysts in AFTS."*

Concerning cobalt catalysts, Wang et al. recently reported the
use of cobalt/platinum alloy nanoparticles stabilized by PVP as
catalysts of the AFTS."" According to this report, activity up to
1.1 molco molgec, ' h™" with a growth factor (@) of 0.8 was
obtained at 160 °C. This outstanding activity was rationalized
by the formation of Co overlayer structures on Pt NPs or Pt—
Co alloy NPs. The same authors tested Co nanoparticles
reduced by LiBEt;H and NaBH,, in the aqueous-phase
Fischer—Tropsch synthesis.'"> Better catalytic performance
was observed for the former case, and comparing the particle
size distribution of the catalysts before and after reaction, it was
suggested that catalyst reconstruction occurs during the
reaction. In addition, it was proposed the B-doping could
affect the catalytic performance of these NPs. In a previous
study, Fan et al. reported an activity of 0.12 molco molg, ™ h™*
at 170 °C in the AFTS for CoNPs synthesized by chemical
reduction using sodium borohydride as reducing agent in
water.'® Other colloidal Co nanocatalysts for FTS were
reported in ionic liquids'’ and squalane'® although in these
cases generally low activity and agglomeration issues were
described. Dupont and co-workers reported the synthesis of Co
nanocubes (54 + 22 nm)'’* and nanospheres (7.7 + 1.2
nm)'”® by thermal decomposition of Co,(CO); in [DMI]-
[NTf,] and [BMI][NTY,], respectively. The obtained materials
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resulted in active catalysts for FTS. Very recently, the same
author reported the synthesis of bimetallic Co/Pt NPs in
[BMI][PFg), this time through an organometallic approach.'’
The isolated bimetallic NPs resulted in active catalysts for the
Fischer—Tropsch synthesis, with selectivity for naphtha
products.

Nowadays, while the activity of FT catalysts can be efficiently
tuned by several parameters such as the type of support or the
addition of promoters, the control of the selectivity for a
selected hydrocarbon fraction is less documented and remains a
challenge.”® The study of parameters that could shift the
product distribution in FT is therefore of high interest for the
rational design of catalytic systems providing selectively diesel
or gasoline fractions, for instance.

Here, we describe the synthesis and characterization of
monometallic CoNPs stabilized with poly(N-vinyl-2-pyrroli-
done) and their application as nanocatalysts in FTS. The effect
of solvent composition on the catalytic performance of these
NPs was investigated. Varying the composition of the solvent
caused striking effects on the product distribution of the
reaction from light to heavier hydrocarbons, which were
correlated to the relative CO and H, solubility under these
reaction conditions.

B EXPERIMENTAL SECTION

Synthesis of Cobalt Nanoparticles by Chemical
Reduction Method (Co1). Col was synthesized by chemical
reduction of cobalt(Il) chloride in the presence of poly-
vinylpyrrolidone (PVP) as stabilizer (PVP:Co ratio of 20) using
sodium borohydride as reducing agent. As a standard
procedure, 0.226 g of CoCl,-6H,0 (0.93 mmol) was dissolved
in SO mL of H,O containing the 2.066 g of PVPK30 (18.6
mmol based on monomer units, PVP:Co ratio of 20). Then, a
solution of 0.358 g of NaBH, (9.30 mmol) in 16 mL of H,0
was added at room temperature during S min. The solution was
maintained under vigorous mechanical stirring for 2 h. Then
100 pL of the colloidal solution was centrifuged, washed with
water and redispersed by sonication. Three drops of the
obtained colloidal solution were deposited on a Cu-Formvar or
holey carbon grids for TEM and HR-TEM analysis. For the
isolation of the CoNPs, the freshly prepared NPs were initially
precipitated by a strong magnetic field (using a neodymium
magnet) and the supernatant was decanted. Then, the
precipitated NPs were washed with water to remove the excess
of salts and PVP. The decantation and washing process was
repeated three times with water, then three times with ethanol
and three times with hexane. The resulting CoNPs were finally
dried under vacuum and stored in a glovebox.

Synthesis of Cobalt Nanoparticles by a Thermal
Decomposition Method (Co2). Co2 was synthesized by
thermal decomposition of Co,(CO), in the presence of the
PVP (PVP:Co ratio of 10) using butylether as solvent. As a
standard procedure, 0.352 g of Co,(CO); (1.86 mmol) and
2.066 g of PVP (18.6 mmol based on monomer units, PVP:Co
ratio of 10) were placed in a 500 mL Fischer—Porter bottle and
dissolved with 130 mL of butyl ether. The Fischer—Porter
bottle was closed and then heated at 150 °C during 2 h to give
a black suspension. The CoNPs were then precipitated using a
strong magnet and the solvent was decanted. The CoNPs were
washed with butylether, followed by THF and hexane and
finally dried under vacuum and stored in a glovebox. For the
purpose of characterization, a fraction of the isolated NPs was
washed with water in order to remove any PVP excess, followed
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by ethanol and hexane washing prior to vacuum drying and
storage in a glovebox. Samples of Co2 were centrifuged, washed
with water and redispersed by sonication several times. Three
drops of the obtained colloidal solution were deposited on a
Cu-Formvar or holey carbon grids for TEM and HR-TEM
analysis.

General Method for Fischer—Tropsch Catalytic Ex-
periments. In a typical catalytic experiment, freshly prepared
CoNPs (0.931 mmol of Co) were redispersed in the desired
solvent and the suspension placed in a Teflon liner within a 100
mL stainless steel autoclave which was purged three times with
Ar, and pressurized at an Ar pressure of 1.5 bar. An additional
10 bar of CO and 20 bar of H, were further added giving a final
pressure of 31.5 bar (H,:CO:Ar = 2:1:0.15). The autoclave was
then heated to 180 °C under mechanical stirring at 1000 rpm
during 12 h. At this point, the autoclave was cooled to room
temperature prior to gas analysis. All the components contained
in the gas phase (CO, H,, Ar, CO,, and C,—Cjg hydrocarbons)
were analyzed by GC-TCD and the quantification was
performed using calibration curves for each component. The
compounds present in the liquid phase were analyzed directly
from the hydrocarbon phase or extracted with cyclohexane (10
mL) containing 1 L of bicyclohexyl as internal standard. The
organic phase containing the hydrocarbon and oxygenated
products were analyzed by GC-MS. The identification and
quantification of products was performed by comparison with
standards using calibration curves for each compound.

B RESULTS AND DISCUSSION

Synthesis and Characterization of CoNPs. The cobalt
nanoparticles Col were synthesized in water by chemical
reduction of CoCl,-6H,0 in the presence of NaBH, using PVP
as stabilizer (PVP:Co = 20) while Co2 were produced by
thermal decomposition of Co,(CO); in butylether at 150 °C in
the presence of 10 equiv of PVP. In this latter case, the amount
of PVP was lower than for the chemical reduction method due
to solubility issues. Both methodologies are represented in
Scheme 1.

Scheme 1. Methodologies Used for the Synthesis of CoNPs

Col-Co2
{

10 eq. NaBH,4 xj&%

CoCl, +20eq. /PN\l\/H H,0, 2h, r.t.
H n Co1
Cox(CO)s +10eq. N~ © ZhBL:Z;());C
H n

According to the TEM micrographs and size histograms of
Col and Co2 displayed in Figure 1, both methodologies
resulted in the formation of spherical CoNPs of similar sizes ca.
2.7 nm (Col 2.64 + 0.92 nm; Co2 2.78 + 0.71 nm).

The fine structure of the CoNPs Col and Co2 was studied
by high-resolution transmission electron microscopy (HR-
TEM). The corresponding micrographs are displayed in Figure
2, where the insets represent the electron diffraction patterns of
the NPs. In the micrograph of Col (Figure 2, left), single
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particles of ca. 2.6 nm diameter were observed, in agreement
with TEM measurements. Analysis of the diffraction pattern
revealed the presence of crystalline Co;O,fcc (space group
Fd3m(227)). Curiously, no crystalline metallic cobalt phase was
identified. The diffuse rings present in the electron diffraction
pattern of these NPs suggest an amorphous structure for the
cobalt faces, in agreement with previously reported synthesis of
amorphous CoNPs via similar synthetic methods.”!

In contrast, the analysis of the diffraction pattern of Co2
revealed the presence of crystalline Co-hcp (space group P63/
mmc) while crystalline cobalt oxides were not detected in this
case.

When the crystalline structure of the CoNPs was studied
using X-ray diffraction (XRD) technique, the XRD pattern of
Col revealed the presence of two broad bands centered at 34°
and 45° which cannot be unambiguously attributed to any
defined crystalline pattern (Figure 3). In contrast, in the
diffractogram of Co2, low intensity peaks were observed at 42,
45, 47, and 76° which were readily attributed to Co-hcp and
Co-fcc crystalline phases. The broad feature at 20 degrees
observed for Co2 was attributed to the 89 wt % of PVP that
covers the CoNPs surface. This was confirmed by XRD analysis
of a sample of Co2 previously washed with water that revealed
an important decrease of this band due to the partial removal of
PVP (see the Supporting Information). These results therefore
indicate that the synthetic method used for the formation of
NPs affects the crystalline structure of Co.

Surface analysis of the CoNPs Col and Co2 was performed
by X-ray photoelectron spectroscopy (XPS). The full XPS
spectra of Col revealed the presence of Na, Co, O, N, C, and
B, according to the peaks observed at their characteristic
binding energies (1071.6, 781.5, 530.9, 399.2, 284.5, and 191.1
eV, respectively). The Co XPS spectrum of Col exhibits two
prominent peaks at 779.7 and 795.6 eV corresponding to Co
2p3, and Co 2p,,, respectively. A low intensity shoulder
detected at 777.9 eV can also be distinguished and suggests the
presence of a cobalt metal phase (ca. 37% of Co° according to
deconvolution of the Co XPS spectra). It was therefore
concluded that partial oxidation of these NPs occurred during
their synthesis, probably due to the presence of oxygen
dissolved in water. In contrast, for Co2, only characteristic
peaks of PVP (O, N, and C) were detected in the full XPS
spectra, suggesting again the abundant coverage of Co2 by
PVP, and therefore no information about the reduction state of
cobalt at the metal surface could be obtained from this
technique. Further analysis of Col by ICP revealed a boron
content of 5.9 wt %, which corresponds to a Co/B ratio of 2.8.

The presence of PVP at the surface of these CoNPs was also
investigated by FTIR, TGA, and ICP-OES techniques. The IR
spectra of Col did not exhibit absorption bands of PVP
whereas for the case of Co2, characteristic absorption bands of
PVP at 3460, 2955, and 1663 cm™" were detected. To quantify
the exact cobalt content of these NPs, ICP-OES analyses were
performed, obtaining 82.4 and 5.8 wt % for Col and Co2,
respectively, in agreement with the weight losses observed by
TGA. These results therefore confirmed that the coverage of
the surface of these NPs by PVP is also affected by the synthetic
method used for their formation, and is much more important
in the case of Co2 than in that of Col. Due to the large excess
of PVP remaining at the surface of Co2, a sample was washed
with water and subsequently analyzed by FTIR and TGA
(Supporting Information). For Co2, characteristic peaks of
PVP at 2955 and 1663 cm™' corresponding to CH and CO

DOI: 10.1021/cs5020332
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Col, 2.64 = 0.92 nm.
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Figure 1. Size histograms and TEM micrographs of Col and Co2.

Co2,2.78 £ 0.71 nm.

Distribution

Figure 2. HRTEM image of Col (left) and Co2 (right) NPs and their corresponding electron diffraction patterns.
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Figure 3. XRD patterns of (1) Col and (2) Co2.

stretching vibrations, respectively, were still observed thus
indicating the presence of remaining polymer at the NPs
surface. Additionally, a weight loss of 13% of PVP was
determined by TGA thus demonstrating the coordination of
PVP at the surface of Co2 after water washing,

In summary, the characterization of Col and Co2 NPs
revealed that the composition and structure of these CoNPs
depend strongly on the synthetic methodology used for their
formation. Despite both Col and Co2 showing similar particle
size (ca. 2.6 nm), Col NPs are constituted of cobalt and boron
phases with an amorphous structure, while Co2 is metallic
cobalt with hcp and fec crystalline phases. Furthermore,
relevant differences in PVP coverage were observed and
showed that Col is poorly wrapped by PVP compared to Co2.

Fischer—Tropsch Catalytic Experiments. The synthe-
sized Co NPs (Col and Co2) were tested in the Fischer—
Tropsch synthesis using various solvents (monocomponent or
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binary mixtures) in order to study the effect of solvent on the
activity and selectivity of the CoNPs.

Catalysis in Water. The synthesized NPs Col were first
tested in AFTS using water as solvent at 150, 180, and 210 °C
under 30 bar of syngas (Table 1). Activity increased from 0.012

Table 1. Fischer—Tropsch Synthesis Catalyzed by Col and
Co2 Using Water As Solvent”

hydrocarbon sel,,

selectivity, wt % wt %
temy
E’ (°C) activity CO, CH, C,, C,, Cs,, Cpys @
1 150 0012 44 8 48 41 45 0 0.60
2 180 0026 23 20 57 43 31 0 0.59
3210 0097 5S4 25 21 30 16 0 0.50
47 180 0205 23 27 SO 41 24 0 0.57

“Reaction conditions: 30 bar H,/CO/Ar (2:1:0,15), 66 mL water,
1000 rpm, 12h. ®Col (0.93 mmol Co). “Activity without CO, in
molco molg, ™! h™% #Co2 (0.93 mmol Co).

to 0.097 molco mole, ™! h™" as the temperature increased from
150 to 210 °C (note: CO, was not considered for the activity
calculation). Methane selectivity steadily increased from 8 to 25
wt % as temperature increased, whereas C,, selectivity initially
increased from 48 wt % at 150 °C to 57 wt % at 180 °C, but
decreased to 21% when temperature was further increased to
210 °C. The rise in temperature also caused a considerable
shortening of the hydrocarbon chain (decrease of the a value
from 0.60 to 0.50) and favored the methanation reaction, in
agreement with trends previously reported for cobalt catalysts.”

For Co2, an activity of 0.205 molcg molc,™ h™" was
observed at 180 °C with a selectivity of 27% for methane and

DOI: 10.1021/cs5020332
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Table 2. Screening of Mixtures

selectivity, wt %

of Organic Solvents with Water (15%) in the Fischer—Tropsch Synthesis Catalyzed by Col“

hydrocarbon sel,, wt %

E? solvent (% v/v) bp, °C activity® CO,
1 water (100%) 100 0.026 23
2 heptane (15%) 99 0.067 23
3 methylcyclohex (15%) 101 0.058 19
4 toluene (15%) 111 0.071 20
S perfluorooctane (15%) 103 0.076 10
6 propanol (15%) 98 0.052 19

CH, Cy Cyy Cs_ 1 Ciz-30 a
20 57 43 31 0 0.59
11 66 7 19 59 0.92
15 66 11 22 49 0.92
12 68 10 22 53 091
10 80 11 21 57 091
18 63 37 28 13 0.79

“Conditions: 0.93 mmol Co, 30 bar H,/CO/Ar (2:1:0,15), 66 mL total volume, 1000 rpm, 180 °C, 12 h. bCol (0.93 mmol Co). “Activity without

CO,: molcg molc,™! h™.

50% for C,,. The activity of Co2 was ca. 10 times higher than
that of Col at this temperature and was attributed to the higher
reduction degree of Co2. In contrast, the product selectivities
observed for Col and Co2 were quite similar at 180 °C,
indicating that under these conditions, the differences in
structure and composition of these CoNPs do not affect
significantly the selectivity of the reaction. The obtained
activities for Col and Co2 are comparable to those recently
reported by Wang et al. in the AFTS catalyzed by CoNPs (0.27
and 0.1 molco mole, ' h™" corresponding to NPs prepared by
chemical reduction using NaBH,)."” The hydrocarbon
selectivities as well as the a values observed in water were
also comparable. The CH, and CO, selectivities obtained in
this study were 20 and 23 wt % differently to the values
reported by Kou, 40 and 7 wt % respectively. These differences
could be attributed not only to variations in the structure of the
catalysts but also to the composition (extent of B-doping).

It is noteworthy that in these catalytic experiments, most of
the hydrocarbon products were in the C,_, fraction and no
products longer than C,, were obtained. Usually, the range of &
for Co-catalyzed FTS is ca. 0.70—0.80 depending on the
reaction conditions and catalyst type.22 Here, using water as
solvent, a values of 0.50—0.60 were obtained in all cases. This
significant difference in selectivity may indicate that water is
responsible for the shortening of the hydrocarbon chain,
possibly due to the low solubility of syngas in water.”*

Catalysis in Mixtures of Water and Organic Cosolvent.
In view of these results, it was thought that the addition of an
organic cosolvent could exert a direct effect on the selectivity of
AFTS. Therefore, catalytic experiments using mixtures of water
and a series of organic solvents (15% v/v) were carried out
(Table 2). The organic cosolvents were selected on the basis of
their boiling point (similar to that of water), to minimize vapor
pressure effects during catalysis. For this initial screening,
aliphatic (linear and cyclic), aromatic and perfluorinated
hydrocarbons and alcohols were tested.

When a 15% v/v of heptane/water was used as the solvent
mixture, the activity of the Col NPs at 180 °C increased up to
0.067 molco molc,™ h™' (X 2.5 compared to that obtained in
pure water) with a clear shift of the hydrocarbon selectivity
from C,_, to C,;_;, (Table 2, entry 2 vs entry 1). Furthermore,
a significant decrease of the methane and CO, selectivities, to
11% and 23% respectively, was also observed (Table 2, entry
2). In methylcyclohexane and toluene (entries 3 and 4), similar
results were obtained with activities of ca. 0.06—0.07 molqg
molg, ™' h™!, together with high selectivities to Cy;_3, and low
selectivities to methane and CO,.

Hydrogenation of toluene was not observed when the FT
catalysis was performed in this aromatic solvent. The catalysis
in perfluorooctane (entry S) gave the highest activity of the
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series, up to 0.076 molco molc,” h™!, the highest C,,
selectivity (80%), and the lowest CO, and CH, selectivities
(10% for both). Long chain hydrocarbons (C3,) were again
the main reaction products under these conditions.

When the catalysis was performed in 15% v/v of propanol/
water (entry 6), intermediate results between those in water
and heptane (15% v/v) were obtained. It is noteworthy that the
hydrocarbon selectivity increased in the order water < heptane
< perfluorooctane, suggesting that these variations could be
caused by the increased solubility of H, and CO in these
solvents.””**

To summarize, when the catalysis was performed in water
the growth of the hydrocarbon chain was restricted to C,_j,
products whereas upon addition of 15% of an organic cosolvent
such as heptane, catalytic activity increased, and chain
lengthening was observed (C;3—Cj).

In view of the results obtained with this series of cosolvents,
and since water and hydrocarbons are products of the FTS
reaction, the composition of the water/heptane mixture was
optimized.

Optimization of the Composition of Water/Heptane
Mixtures. To further investigate the effect of the cosolvent, the
water/heptane mixture was investigated at various heptane
contents.

In these experiments, increasing the heptane content resulted
in an increase in the activity of Col (Figure 4, solid line) up to
a maximum of 0.095 molco molg, ™" h™! at v/v 50%; however,
the activity decreased to 0.009 molco molc,™ h™' as heptane
content was further increased. The same behavior was observed
for Co2 (Figure 4, dotted line) although much higher activities
(up to 0.27 molco molc,™" h™") than those for Col were

—i— Col
--O0-- Co2

h')

-1
Co

Activity (mol_ mol

0.00 T T T T T

LN
0 20 40 60 80 100

% heptane v/v

Figure 4. Activity (molco molg,™ h™') of Col and Co2 NPs as a
function of the percent heptane in water. Conditions: 0.949 mmol Co,
30 bar H,/CO/Ar (2:1:0,15), 66 mL water, 1000 rpm, 180 °C, 12 h.
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Figure 5. TEM micrographs of (a) Col and (b) Co2 after catalysis performed in heptane as the solvent.
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Figure 6. Selectivity (a) and hydrocarbon selectivity (b) in wt % of Col NPs as a function of the heptane content in the solvent used for catalysis.
Conditions: 0.949 mmol Co, 30 bar H,/CO/Ar (2:1:0,15), 66 mL water, 1000 rpm, 180 °C, 12 h.
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Figure 7. (a) Solubility of H, and CO at 20 and 10 bar, respectively, and rt in heptane/water mixtures. (b) Measured H,:CO solubility ratio and &

values obtained in catalysis using different heptane/water mixtures.

measured. The higher activity of Co2 can be attributed to the
higher reduction degree of the Co2 catalyst, as previously
indicated.

On the other hand, at high heptane content, important
agglomeration of Col and Co2 was observed by TEM analysis
performed after the catalytic tests. The low activity observed for
both catalysts at high heptane content was therefore explained
by the agglomeration of the nanocatalysts in such an apolar
solvent (Figure ).

The selectivity was also strongly affected by the composition
of the solvent. The selectivity profiles for Col as a function of
the heptane/water ratio are displayed in Figure 6a. The
hydrocarbon selectivity (C,,) increased up to 82% when the
heptane content was increased to 50%. Simultaneously, the
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CO, and CH, selectivities decreased from 23 to 11% and from
20 to 7%, respectively. At higher heptane contents, C,,
selectivity decreased down to 21% while CO, and CH, both
increased to 45 and 34%, respectively. In 50/50 heptane/water
mixture, the use of Co2 as catalyst provided slightly higher
selectivities to hydrocarbons (84%, Supporting Information).
The hydrocarbon product distribution was also considerably
affected when the heptane content in the solvent mixture was
varied (Figure 6b). The variation of solvent composition from
pure water to a water/heptane mixture of 85/15 caused a
strong shift of the product distribution from C,—C,, toward the
heavy fraction C,3_;, (Figure 6b), which is reflected in the
increase of a value from 0.59 to ca. 0.90. This level of selectivity
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remained constant at heptane contents between 15 and 93%
and dropped drastically when pure heptane was used as solvent.

The selectivity drop observed for pure heptane was
attributed to the agglomeration of the NPs described above
(Figure S). It is also noteworthy that no Csy, products were
detected in these experiments. Similar trends were observed for
Co2 (Supporting Information).

The dependence of the activity on the percentage of heptane
in water can be rationalized by the variation of the solubilities of
hydrogen and carbon monoxide in the different solvent
mixtures. According to literature data, the solubility of
hydrogen is higher in decane than in water by a factor of ca.
7 (3348 mLH,/L* vs 0.488 mLH,/L*’) under reaction
conditions (180 °C and 20 bar of H,). A higher solubility in
heptane would represent a higher coverage of the metal surface
by both gases, resulting in an increase in the activity when the
heptane content increases from 0 to 50%. The shift in product
distribution from C,_, to C,;, could also be explained by the
increase solubility of syngas.

To confirm this hypothesis, the solubilities of H, and CO
were measured in various heptane/water mixtures at room
temperature using the method described by Deimling et al.*®
The results are displayed in Figure 7a. Solubility of both gases
increased linearly as the heptane content increased. In all cases,
CO solubility was higher than that of H, and the H,:CO
solubilities ratio (Figure 7a) decreased at higher heptane
content. Interestingly, an inverse correlation was observed
between the variation in H,:CO solubility ratio and the chain
growth probability of the FT products (Figure 7b). Indeed,
when the heptane content is increased from 0 to 15%, a drastic
drop in H,:CO ratio is observed, and concomitantly, an
increase in the a value was measured. At higher heptane
content, the H,:CO solubilities ratio is less affected, which is
reflected in an almost constant a value. From these results, it
was concluded that the variations observed in hydrocarbon
product distribution were mainly controlled by the H,:CO ratio
in solution. At low H,:CO solubilities ratio, long chain
hydrocarbons are formed (C,3,) while at higher ratios, lighter
hydrocarbons are preferably produced. These results are in
agreement with previous reports which described that variations
of the syngas composition affect the product distribution in
FTS.

These results therefore indicate that the presence of water
and hydrocarbon at the surface of cobalt nanocatalysts
produced by FTS strongly influences their subsequent
selectivity by affecting the solubility of syngas and the CO
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coverage of these catalysts. The results described here suggest
that the presence of water at the NP surface shortens the chain
of the hydrocarbon products. XPS analysis of the used catalysts
is displayed in the Supporting Information. The phase
separation in water/heptane solvent mixtures was qualitatively
studied through optical measurements of the flow regime in a
transparent model reactor (Supporting Information). Using 15
or 50% heptane/water mixtures, homogeneous oil-in-water
emulsions were observed. In contrast, using 85% heptane/water
mixture, a water-in-oil emulsion was formed, and the drops of
the aqueous phase inside heptane were this time appreciable.

Next, to investigate the effect of the carbon chain length of
the cosolvent on the selectivity, a series of mixtures of
hydrocarbons and water was tested as media for the Fischer—
Tropsch reaction.

Screening of Hydrocarbons As Cosolvents (50% v/v).
In view of the results obtained with the 50% v/v heptane/water
mixture, the effect of the hydrocarbon chain length was studied
with solvent mixtures composed of water and n-octane, n-
decane, and n-hexadecane in the same proportions (Figure 8).

The catalytic tests using heptane or octane in 50% v/v
showed similar activity; however, activity decreased as chain
length further increased in the series from octane to
hexadecane. The activity observed for hexadecane was half
(0.045 molco mol, ™ h™!) of that observed for heptane (0.095
molco mole, ™! h™"). Agglomeration was not observed in any
case, and TEM images showed that dispersion of the CoNPs
was similarly independent of the cosolvent. This decrease in the
activity was therefore attributed to the lower solubility of syngas
in heavier n-alkanes, as previously reported.25

In terms of selectivity, the amount of methane and CO,
formed during the reactions slightly increased with longer chain
cosolvents. Simultaneously, only a small shift toward lighter
products was observed for octane and hexadecane, although it
became more relevant for hexadecane. These small variations in
selectivity could be attributed to the expected similarity of the
H,/CO ratio in these media. Interestingly, these trends are in
contrast with those previously reported for supported CoNPs
on SiO,, for which no changes in the activity nor in chain
growth probability were observed when the same series of
solvents were tested in slurry-type FT systems.”

Screening of Alcohols As Solvents for FTS. According
to the initial screening of solvents (Table 2), the extent of chain
growth in propanol/water mixture was a somewhat inter-
mediate between those obtained in water and heptane/water,
according to their a values (0.79, 0.59, and 0.92 respectively).
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This suggested that performing the catalytic reaction in alcohols
could be of interest for the modulation of the product
distribution. Moreover, alcohols have the capacity to disperse
efficiently CoNPs such as Col and Co2, even in the absence of
water.

It was therefore decided to investigate the effect of various
alcohols and catalytic experiments using the series methanol,
ethanol, 1-propanol, 1-butanol, and 1-pentanol were performed
(Table 3). The results of these experiments showed that when

Table 3. Fischer—Tropsch Synthesis Catalyzed by Col in
Different n-Alcohols®

selectivity (%)®

E alcohol FT-products FT-acetals C, acetal final H,/CO

1 methanol 100 0 0 1.3

2 ethanol 69 13 18 1.8

3 1-propanol 35 35 30 2.1

4 1-butanol 2 44 54 2.7
1-pentanol 1 27 73 2.5

“Conditions: 0.93 mmol Co, 30 bar H,/CO/Ar (2:1:0,15), 66 mL
total volume, 1000 rpm, 180 °C, 12 h. bSelectivity calculated from GC-
MS data by peak integration.

the FT reaction is performed in pure alcohols (>C,;), three
types of products are formed (Scheme 2): (a) FT products, (b)
FT-acetal products formed by reaction of FT intermediate
species with two molecules of solvent, and (c) C,-acetals
formed from 3 molecules of solvent and where C,, is the carbon
number contained in the alcohol structure. The formation of
FT-acetal products was previously observed by Fan et al. under
FT conditions using ethylene glycol as solvent with the
formation of a series of dioxolanes.”” Here, two different types
of acetals were dettected: those involving the reaction of a
product formed by FT reaction with two molecules of solvent
(route b, Scheme 2) and those formed by reaction of three
molecules of solvents (route b, Scheme 2). These acetal
products corresponded to less than 1% in alcohol conversion in
all cases.

The selectivities obtained in these reactions are summarized
in Table 3. These selectivities were obtained by integration of

the corresponding GC-MS peaks, since no calibration could be
performed on these compounds.

Interestingly, among the series of alcohols used, only the FT
experiments carried out in methanol produced selectively FT
products since no acetals were detected (entry 1). When the
solvent was ethanol, ca. 15% of FT-acetals and C,-acetals were
detected (entry 2) while the FT products were still mainly
formed. However, when longer chain alcohols were used, an
increasing amount of C,-acetals was produced up to 73% in 1-
pentanol with the FT products only detected as traces (entry
S).

The classical mechanism of formation of acetals involves the
reaction of one molecule of aldehyde with two molecules of
alcohol under acidic conditions with elimination of 1 equiv of
water.”® Recently, Gunanathan et al. reported the use of a
homogeneous alcohol dehydrogenation Ru catalyst for the
formation of acetals in pure alcohols.” In the present case, the
role of Co in C,-acetal formation was confirmed when a blank
experiment was performed: when alcohols were heated under
the same conditions but in absence of Co catalyst, no acetals
were formed. The generation of aldehyde thus requires the
presence of Co, and it is proposed that oxidation of one
equivalent of alcohol to the corresponding aldehyde proceeds
via the concomitant reduction of a cobalt center. Oxidation of
the alcohols with H, release is supported by the observation of
an increase in the H,:CO ratio in the gas phase when higher
amounts of C,-acetals are formed.

The higher selectivity to C,-acetals in long chain alcohols can
be explained by the lower Gibbs free energy of formation for
long chain aldehydes from the corresponding alcohols.”
Interestingly, when the selectivity to C,-acetals was plotted
against the Gibbs free energy of formation of the aldehyde, a
linear relationship was obtained (see the Supporting
Information).

These results therefore indicate that when FTS is completed
in alcohols as solvents, a competition between the hydrocarbon
and acetal formation is observed and depends on the chain
length of the alcoholic solvent. This effect is remarkable since,
in MeOH, hydrocarbons are mainly formed while, in 1-
pentanol, acetals are selectively produced.

Scheme 2. Products Formed under FT Conditions Using Col as Catalyst and Alcohols As Solvent

3\
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Table 4. Fischer—Tropsch Synthesis Catalyzed by Col Using n-Alcohols As Solvent”

selectivity, wt

%

hydrocarbon sel. wt %

E alcohol activity” CO, CH,
1 methanol 0.046 7 8
2 ethanol 0.189 3 S
3 1-propanol 0.053 7 13
4 1-butanol 0.027 13 31
N 1-pentanol 0.043 11 33

Cye Cyy Cs_1n Cia-30 final H,/CO
8§ 2 21 66 13
92 2 26 67 1.8
80 S 40 42 2.1
56 14 1° 49 2.7
56 16 1° 46 2.5

“Conditions: 0.93 mmol Co, 30 bar H,/CO/Ar (2:1:0,15), 66 mL total volume, 1000 rpm, 180 °C, 12 h. bActivity without CO,: molcg molc, ™ h™.

“Cs_1, hydrocarbons overlapped by the solvent peak in GC spectra.

a)

<
o

1 =—co1
--0-- Co2

-1

e
w

Activity (molCOmol-(} ot )
o
o

o
=

o
=]

40 60 80 100

% ethanol v/v

b)

0.6 — T T T T T
——H

5

0.3F

C* (kmol m™)

0.1r

00 1 1 1 1 1
40 60 80

% ethanol (v/v)

100

Figure 9. (a) Activity in molco mole, ™" h™ of Col and Co2 NPs as a function of the percent ethanol. Conditions: 0.949 mmol Co, 30 bar H,/CO/
Ar (2:1:0,15), 66 mL water, 1000 rpm, 180 °C, 12 h. (b) Solubility of H, and CO at 20 and 10 bar, respectively, and rt in heptane/water mixtures.

The detailed distributions of FT products formed during
these catalytic experiments are described in Table 4.

Among the tested solvents, the highest activity was achieved
in ethanol (up to 0.189 molcg molg, ™' h™'), while for the other
alcohols, FT activities between 0.027—0.053 molcomolc, ™' h™!
were obtained. The results in longer alcohols could be
explained by the competitive coordination of syngas and
alcohols at the NPs surface, since high selectivity to acetals was
observed in these solvents (Table 4).

The product selectivity was also affected by the chain length
of the alcoholic solvents with high selectivity to C,, when
methanol, ethanol, and propanol were used with a maximum of
92% in ethanol. In contrast for longer chain alcohols, the
selectivity decreased considerably (down to $6%) while the
methane selectivity increased to ca. 30%. In all solvents, low
CO, selectivity was observed, indicating low WGS activity
under these conditions. Similarly, the hydrocarbon distribution
showed high selectivity to C,3, in short chain alcohols, namely
methanol and ethanol with a maximum of 67% in this latter
solvent. For longer chain alcohols (Table 4, entry 3—5), this
selectivity was lower (ca. 45%) with a shift to lighter products.
These results can be correlated with the H,:CO ratio measured
in the gas phase at the end of the catalytic experiments, which
increases with heavier alcohols due to acetal formation (Table
4). In light alcohols (entry 1 and 2), lower H,:CO ratios were
observed, resulting in low methane selectivity and high C;,
selectivity. In heavier alcohols, higher values were obtained,
explaining the higher methane selectivity and the formation of
short chain hydrocarbon products (Table 4, entry 4 and S). In
propanol, somewhat intermediate H,:CO ratio and selectivity
results were measured.

Interestingly, the catalysis in methanol exhibited a high olefin
selectivity (65%) which decreased when the chain length of the
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alcohol increased, which was attributed to the lower H,/CO
ratio in the shorter alcohols that is in turn related to the lower
amounts of acetals formed in these solvents.

As a conclusion, when alcohols are used as solvent for FTS,
the formation of acetals catalyzed by CoNPs is observed
together with hydrocarbon products. When the chain length of
the alcoholic solvent increases, the formation of acetal
progressively becomes the major process. In the case of short
alcohols such as ethanol; however, high FT activity (up to
0.189 molc molg, ™ h™') was observed with excellent product
selectivity (80% hydrocarbons).

Optimization of the Composition of Ethanol/Water
Mixtures. In view of the excellent results obtained using
ethanol as the solvent, the influence of water was tested
through a series of catalytic FT experiments in several water/
ethanol mixtures using Col and Co2 as catalyst. The results in
terms of activity are summarized in Figure 9a.

Comparing the activity obtained in pure water as the solvent,
the increase in ethanol content from 0 to 93% resulted in a
significant increase in the activity from 0.026 to 0.278 molcg
molc, ™ h™. These results can be correlated to the increased
solubility of syngas at higher ethanol content (Figure 9b).*" At
higher ethanol content, a decrease in the activity was observed
to down to 0.189 molco mole, ' h™' due to the competitive
formation of FT-acetals.

Importantly, in these experiments, acetal products (FT-
acetals and Cn-acetals) were only detected when the content of
water was <3%, which indicates that rapid hydrolysis of the
acetals occurred at higher water content. To the best of our
knowledge the activity observed for Col when using 93%
ethanol/water mixture (0.278 molcg molc,™ h™) is the
highest reported to date for an aqueous FT system using
CoNPs synthesized by a colloidal method. This result
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highlights the possibility to enhance the catalytic activity of a
catalyst through the modification of their environment. XPS
analysis of the used catalysts is displayed in the Supporting
Information.

When Co2 was used as the catalyst, similar activities were
obtained in 93% ethanol/water mixture. As previously
mentioned, the higher activities observed for Co2 in water
and hydrocarbon/water mixtures were attributed to its higher
content in metallic cobalt when compared to Col. In alcohols,
however, similar activities were observed for both catalysts. As
the reduction of cobalt salts was previously reported in alcohols
at similar temperature,”> it was concluded that the similar
activities observed for both catalysts could be explained by the
in situ reduction of Col under these reaction conditions. In
terms of selectivity (Figure 10a), the increase in ethanol
content from 0 to ca. 90% led to a progressive increase in
hydrocarbon selectivity from 57 to ca. 90% while the CO, and
CH, selectivities decreased from 23 to 5% and from 20 to 5%,
respectively. At higher ethanol content, these selectivities
remained unchanged. It is noteworthy that in heptane/water
mixtures, the increase in hydrocarbon selectivity was more
accentuated than in ethanol/water mixtures, which can be
explained by the rapid increase in syngas solubility when
heptane is introduced compared to ethanol (Figure 7a vs Figure
9a).

The hydrocarbon products distribution (Figure 10b) was
also clearly affected by the composition of the solvent. When
the ethanol content was increased from 0 to 15%, no changes in
selectivity were observed. However, at higher ethanol content,
the product distribution was progressively shifted from short
chain (C,_,) to long chain hydrocarbons (Cj;_3) with
variation in selectivity from 40% to 0% and from 0% to 73%,
respectively. Further increases in ethanol content did not affect
these selectivities. Interestingly, while the solvent composition
clearly affected the C,_, and C,;_3, selectivities, the relative
amount of C_, hydrocarbon remained unchanged at ca. 25%.
When Co2 was used as the catalyst, the same selectivity trends
were observed (Supporting Information).

These variations in product distribution, reflected in the
variations in chain growth probability, can be rationalized by
the changes in H,:CO solubility ratio as a function of the
ethanol content (Figure 11). Indeed, at ethanol contents up to
15%, an increase in H,:CO solubility ratio was measured,
resulting in the lowering of the o value and the formation of
light products (C,_, and C;_,,). At higher ethanol content, the
H,:CO solubility ratio decreased linearly, resulting in a
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concomitant increase in the chain growth probability and
thus, in a higher C,;, selectivity. These results again indicate
that the main parameter governing the FT product distribution
is the relative solubilities of H, and CO in these solvents.
Finally, from the comparison of Col and Co2 in the different
solvent systems it is noteworthy that the presence of boron in
Col did not exhibit a clear effect in its catalytic performance.

B CONCLUSIONS

The results described here show that the addition of cosolvents
such as hydrocarbons and alcohols in AFTS strongly affects the
selectivity and the FT product distribution. It was shown that
the hydrocarbon distribution mainly depends on the solubility
of syngas and on the H,:CO ratio and can be tuned from light
to heavy hydrocarbons with the selection of the appropriate
aqueous solvent mixture.

In hydrocarbon/water mixtures, a compromise between the
higher solubility of syngas in hydrocarbons and the better
dispersion of the catalyst in water was revealed to be crucial to
reach high activity and selectivity to C,;, hydrocarbons. No
effect of the chain length (C,—C,s) of the hydrocarbon
cosolvents was observed on the selectivity of FTS while the
activity was slightly affected. This also indicates that the
presence of water and hydrocarbons at the surface of such Co
nanocatalysts directly influences their selectivity in FTS by
affecting their H,/CO coverage. These results also suggest that
the presence of water can significantly shorten the chain length
of the hydrocarbons produced by FTS.

In alcohols, a significant effect was also observed; when the
chain length of the alcoholic solvent increases, the formation of
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FT-acetal products progressively becomes the major process. In
the case of short alcohols such as ethanol, however, high FT
activity (up to 0.189 molco molc,™ h™) was observed with
excellent product selectivity (90% hydrocarbons).
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