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A CoyC catalyst with low CO; selectivity for the Fischer-Tropsch to Olefins (FTO) was derived from a precursor
catalyst prepared by a “melting” method. Co-Mn composite oxide, MnCo204 5, was identified as the dominant
composition in the catalytic material before it was activated. The catalyst showed a weak interaction between Co
and Mn with the presence of Na. Therefore, Co could be liberated easily from MnCo204 5 with H, reduction at a
usually used condition for Co-based catalyst for the Fischer-Tropsch Synthesis (FTS). A clear carburization of Co®
to CoyC was observed during the initial period of reaction, and this transformation could be achieved within 6 h.
Four different crystal facets, (210), (020), (111), and (101) for CoyC, were identified once Co® has been
successfully carburized during the reaction. A limited amount of Co® also transformed to Co304 during CoyC
formation when Hy0 was produced by the FT reaction. The prepared catalyst demonstrated outstanding per-
formance in terms of product selectivity. Its selectivity to lower olefins (Co-C4) was as high as 60.26 % with an
average olefin/paraffin ratio of 26.69. Additional to high olefin selectivity, the CO; selectivity was as low as
11.49 %, and that of C; (CO2 + CHy) could be controlled at 16.44 % with optimal Co/Mn ratio and operating
conditions. It was also found that transient state Go° with Mn and Na as promoters demonstrated similar high

olefin to paraffin ratios when compared to CoxC.

1. Introduction

Low-carbon olefins, referring as olefins with a carbon number less
than five such as ethylene, propylene, butene, etc., are important
essential intermediates in the chemical industry [1]. Conventionally,
low-carbon olefins are mainly obtained from the steam cracking of
naphtha. In the meantime, with the decreasing of petroleum resources,
the conventional route in producing low-carbon olefins has yet to meet
the demand, and there is an urgent need for non-petroleum processes to
fulfill the vacancy [2-4]. Nowadays, the non-oil processes utilize syngas
(a mixture of CO and Hy), deriving from carbon-containing resources
such as coal, natural gas, and biomass, to produce low-carbon olefins
directly or indirectly [5-7]. The indirect production of low-carbon ole-
fins from syngas is mainly via the methanol conversion route, using
CuZnAl [8] as the catalyst to convert syngas to methanol and then
applying molecular sieve as the catalyst for MTO [9] (methanol to
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olefins) and MTP [10] (methanol to propylene) reactions. Large-scale
MTO based on zeolite using a fluidized bed with circulating C4, for
the highly selective production of ethylene and propylene has been
successfully commercialized [11].

Providing the availability of syngas, direct one-step production of
low-carbon olefins with a shorter process can be economically more
attractive than indirect production technologies because of less capital
investment and energy consumption. Therefore, the direct production of
olefins from syngas has received great attention. Researchers tend to
prepare bifunctional catalysts with two components, coupling the
methanol synthesis and olefin production by dehydration to simplify the
process. The reaction activity of syngas to olefins at low temperatures is
extremely low, so this type of bifunctional catalyst tends to adopt high
pressure and temperature to increase the catalyst activity [12]. ZnCrOy/
SAPO-34 as a bifunctional catalyst for the direct conversion of syngas to
low carbon olefin via OX-ZEO reaction was reported by Bao’s group
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several years back, which facilitated C-O bond activation with metal
oxides and C-C bond coupling by molecular sieves [13]. A high selec-
tivity of 80 % for lower olefins was achieved at a CO conversation of 17
%. Subsequently, Wang and his colleagues reported a ZnZrOx-SAPO-34
bifunctional catalyst by physical mixing, proposing coupling of reactions
to control olefin selectivity by breaking the conventional Anderson-
Schulz-Flory (ASF) distribution. A 75 % selectivity was achieved for
Co-C4 olefins with 10 % CO conversion under 400 °C [14]. This catalytic
process has the advantages of a shorter process and high selectivity to
olefins. However, the high reaction temperature and low CO conversion
may raise engineering challenges when scaled up to industrial
capacities.

The direct conversion of syngas to low carbon olefins by the FTS
reaction without any intermediate steps is known as the FTO process,
and its product distribution normally follows the ASF distribution, i.e.,
the unwanted methane selectivity could be as high as about 30 %, while
that of the C3-C4 products up to 60 % [15]. Although the ASF distribu-
tion hinders the selectivity to lower olefins from reaching a higher value
further, the FTO also produces olefins with higher carbons numbers,
such as Cs-Cg. It could therefore offer high value-added olefins for both
Co-C4 and Cs-Cg as long as the selectivity to CH4 and other paraffins is at
low levels. Fe- and Co-based catalysts are used for the FTO reaction due
to their catalytic ability in CO dissociation, C-C coupling, and chain
growth. To obtain a high selectivity to low-carbon olefins, the chain
growth probability () of the catalyst should be controlled at a moderate
level [16]. Fe-based catalysts have been widely studied due to its rela-
tively weak hydrogenation ability and high olefin/paraffin (O/P) ratios
in the products. de Jong’s team utilized inert carriers to load Fe for the
FTO process [17]. Fe nanoparticles were uniformly dispersed on
a-alumina or carbon nanofiber, and the weak interaction between the
carriers and the active Fe favored the formation of iron carbides, which
resulted in up to 60 % of selectivity to low-carbon olefins. As the reac-
tion was carried out at a higher temperature, carbon deposition was
prone to occur, leading to catalyst deactivation and a short life span.
Under the FTS reaction conditions, Fe-based catalysts are inclined to
generate iron carbides with the induction of amorphous carbon or CO.
However, iron carbides are easily oxidized and inactivated due to the
presence of water formed by reactions. Recently, Ding and his colleagues
designed a FeMn@Si-C catalyst with excellent hydrophobicity to pre-
vent the adsorption of water molecules on the active FexCy sites [18].
The transformation of iron carbides to FesO4 was consequently inhibi-
ted, and CO; selectivity was reduced. At the same time, the electron
transferring from an appropriate amount of Mn atoms to Fe promoted
the dissociation of the adsorbed CO and accelerated the olefin produc-
tion. The yield of olefins reached 36.6 % at a high CO conversion of 56.1
%, while the selectivity of the undesired C; products (CO; + CHy4) was
controlled at 22.5 %. Li’s team found that the stability of e-FeoC could be
significantly improved when replacing the amorphous carbon layer with
a graphene shell to facilitate the carburization of a-Fe to form e-FeoC
[19]. The catalyst prepared by this method reached 95 % CO conversion
at 300 °C, and the activity was stably maintained for at least 400 h.

Fe-based catalysts have rich active phases, and they offer abundant
isomeric products. In contrast, Co-based catalysts for the FTS have
higher selectivity to linear hydrocarbons (HCs) with higher activity and
a longer life span. Usually, the metallic Co nanoparticles are the active
sites in Co-based catalysts for the FT reaction, and the products are
mainly paraffins with a limited quantity of olefins and chemicals such as
alcohols [20,21]. The adsorbed Hy* and CO* species react on the Co
surface to form surface CHy species for further carbon-carbon coupling,
which undergoes dehydrogenation and hydrogenation to form olefins
and paraffins, respectively. The catalyst activity and product selectivity
depend on the size of the Co nanoparticles, the nature of the carrier, the
presence of promoters, the preparation method, and the pretreatment
conditions [22]. The formation of methane and Cs, products could be
adjusted by adding promoters. The alkali metal Na leads to a significant
increase in CO adsorption [23], thus promoting the desorption of olefins.
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As an electronic promoter, it can also inhibit the secondary reactions of
olefins from hydrogenation and isomerization, improving the selectivity
of olefins. Mn could promote CO adsorption and increase the CO con-
sumption rate by acting as Lewis acid to interact with the O atom of
adsorbed CO [24]. The promoting effect of Mn also includes the influ-
ence on the distribution and exposure of active sites. The promoters
modulate the surface electron environment of the active metal and lead
to higher CO surface coverage, which is highly favorable for CO disso-
ciation and C-C coupling while inhibiting methanation and chain
termination triggered by the hydrogenation of alkyl species [25].

Zhong and his colleagues found that nano prisms Co,C with the
presence of Mn and Na demonstrated excellent catalytic performance in
FTO and achieved high selectivity to lower olefins under mild reaction
conditions (250 °C, 0.1 MPa) [26]. Its lower olefin selectivity could
reach 60.8 % based on all produced HCs, and the methane selectivity is
controlled at about 5 %. The O/P ratio for C,-C4 was as high as 30, which
means that around 97 % of C,-C4 HCs were olefinic products. However,
this Co,C catalyst also resulted in more than 40 % CO- selectivity, which
is exceptionally high if one compares that to normal Co-based catalysts
for the FTS. The kinetic study, characterization, and DFT calculations
revealed that the active center, Co2C, has a poor hydrogenation ability,
and the exposed facets (101) and (020) favor olefin production. As an
active phase for olefin production, Co,C is often derived by the carbu-
rization of various Co-based precursor catalysts with the presence of
syngas. However, it has long been believed that Co,C generated in the FT
reaction is an important cause of deactivation for Co-based catalysts,
leading to higher CO, and CHj selectivity when compared to metallic Co
[27]. According to Mohandas et al., the formed Co,C is not stable and
could be transformed back to Co or Co3O4 under typical low-
temperature FT conditions [28]. A recent study for CosC by in situ
XAFS suggests that the CoyC becomes unstable and gradually changes to
metallic Co when increasing temperature from 250 °C to 280 °C [29].
This agrees with Ding’s work [30] that Co,C coexists with metallic Co at
a similar temperature range. The catalytic performance of CoyC also
depends on the catalyst preparation method. Studies suggested that the
co-precipitation method resulted in a better catalytic performance than
the impregnation method in terms of selectivity to olefins and catalyst
activity [31]. The conventional impregnation method to prepared Co2C
catalyst suffers from controlling Co nanoparticles to form a uniform
dispersion on the complex internal surface of the supports and therefore
results in poor performance with high selectivity to CO; and CH4 [32].
Notably, CosC catalysts prepared by various methods reported in the
literature [31] demonstrated high CO selectivity in general, in order of
40 % based on the converted CO.

In this work, we report a Co-based catalyst prepared by the “melting”
method, which manufactures uniform Co-Mn nanoparticles as the pre-
cursor catalyst. It shows a weak interaction between Co and Mn with the
help from evenly dispersed Na, which is beneficial for the reduction to
form metallic Co. CoyC is formed with ease from Co® within 6 h of re-
action and stably maintained with the help of Mn and Na. The catalyst
demonstrates a high selectivity to lower olefins with superiorly low
selectivity to both CO, and CHy.

2. Experimental
2.1. Catalyst preparation

The composite oxide catalysts with different Co to Mn ratios were
prepared by the “melting” method. During catalyst preparation, the
anhydrous glucose, urea, and Co(NO3)2-6H20 were mixed in a 250 mL
beaker in a mass ratio of 3: 5: 2. The mixture was heated up to melt at
100°C and stirred well for 0.5 h with a magnetic stirring device before
adding the mixed solution that contained Mn(NOs), (in various amount
for desired Co/Mn ratios for the catalysts) and 0.4 wt% NapCOs3 (based
on the mass of the catalyst to be prepared). The same temperature and
stirring speed were maintained for another 4.5 h before it was cooled to
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Fig. 1. SEM diagrams of the prepared catalyst at different stages with Co/Mn ratio at 2 (a: before carbon removal; b: pristine catalyst; c: spent catalyst).

room temperature. The paste-like mixture was then thermally treated in
an oven at 180 °C for 24 h with Ny protection to allow sufficient
relaxation for the precursor. The foam-like catalyst precursor was then
ground and calcined in a tube furnace under Nj protection. The tem-
perature ramped from room temperature to 400 °C with a rate of 2
°C/min and was kept at the peak temperature for 3 h. The precursor was
finally treated in a muffle furnace at 300 °C with static air for 3 h to
remove carbon by oxidation. The remaining material was cooled to
room temperature, and the cobalt-manganese composite oxide catalyst
was prepared. The actual elemental content for Co and Mn was deter-
mined by ICP, and the results are given in Table S1 in the supporting
information.

2.2. Characterization

To gain comprehensive details of the catalytic material and to
correlate the performance of the catalyst with the microstructure, the
pristine, reduced, and spent catalysts were characterized by XRD (X-Ray
Diffraction), SEM (Scanning Electron Microscope), TEM (Transmission
Electron Microscope), XPS (X-ray Photoelectron Spectroscopy), and ICP-
OES (Inductively Coupled Plasma-Optical Emission Spectroscopy). The
XRD analysis was conducted with a D8 Advance X-ray diffraction in-
strument from Bruker, operating at 40 kV and 40 mA with a scanning
rate of 1°/min and a scanning angle (20) ranging from 20 to 80°. The
identification of different phases was performed by comparing the
pattern of signals with JCPDS standard files. The SEM analysis was
carried out with a ZEISS Gemini SEM 300. The acceleration voltage was
3 kV, the resolution was 0.7 nm@15 kV, and the probe current was 3 PA-

20nA. The TEM characterization was performed using a JEOL JEM-2100
instrument with an acceleration voltage of 200 kV. A sample for TEM
was prepared by dispersing the catalyst in ethanol, followed by ultra-
sonication, and then loaded on a copper microgrid covered by a holey-
carbon film. XPS analysis was performed by Thermo Scientific K-
Alpha instrument equipped with a micro-focused monochromatic Al K o
radiation (1486.6 eV). An appropriate amount of sample was prepared
and placed in the sample chamber, and the pressure was decreased to be
lower than 2.0 x 10”7 mbar. The spot size of radiation was adjusted to
400 pm, and the operating voltage was kept at 15 kV with a filament
current of 6 mA. The exact Co and Mn contents in catalyst samples were
analyzed by ICP-OES on Agient 700. The catalyst samples were pressed
into pills and crushed to 280-450 pm particles. 0.05 g of the sample was
then dissolved completely to form a pre-set volume of solution for the
test.

2.3. Catalyst test

The FTO experiments with the prepared catalyst were carried out in a
stainless-steel micro fixed-bed reactor (ID = 8 mm, L. = 40 cm). The
prepared cobalt-manganese composite catalyst was loaded into the
constant temperature section of the fix-bed reactor with stainless steel
balls to support the catalyst bed. The catalyst was reduced in situ by Hy at
atmospheric pressure at a flow rate of 2000 mL/h/gcat. The temperature
was increased from room temperature to 300 °C at a ramping rate of
2 °C/min and then kept at the peak temperature for 15 h. The reactor
was then cooled down to 100 °C and purged by Ny before introducing
syngas. Subsequently, syngas with Hy/CO at the designed ratio was
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Fig. 2. The elemental mapping for the pristine catalyst with Co/Mn ratio at 2 (Co: in red color; Mn: in green color; Na: in blue color). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

introduced to the reactor for the FTO reaction. 10 % of nitrogen was
included in the feed as the balance gas as well as the internal standard.
To compare the product selectivity at a similar level of conversion
among different catalysts, CO conversion was adjusted by changing the
weight hourly space velocity (WHSV) from 2000 to 6000 mL/h/gc,: at
240 °C.

The conversation of CO (X¢p) was calculated using Eq. (1)

CO%um X MFRom

Xeo =1 =000 < MFR,

(@)
where CO%,,; and CO%, represent the CO molar fractions in the outlet
and inlet gases, respectively; MFR,, and MFR;, represent the molar
flowrates of the outlet and inlet gases.

The CO reaction rate (r¢o, mol/h/gcat) was calculated using Eq. (2)

rco = Xco X CO%;, x MFR,, (2)
The selectivity to CO (Selco,) was calculated using Eq. (3)

CO>% o % MFR,
Selco, = 3
€0 = 0%y X MFRy, X X ©

where CO,%,,; represents the CO5 molar fraction in the outlet gas.
The selectivity to ChHp, (Selc,n,) (n is carbon number and m is the
hydrogen number) was calculated using Eq. (4)

Sel nx CuHm%um X MFRour
e =
Gl reo X (1 — Selco,)

€]

where C,Hp,%,,: represents the molar fraction of C,Hy, in the outlet gas.
The olefin to paraffin ratio (O/P) was calculated using Eq. (5)
CnHZN %om

o/p =BT 5
/ CoHan2%0u )

where C,H,%oy: and CpHap 2%,y represent the molar fraction of olefin
and paraffin for specific carbon number n in the outlet gas.

After each run, the used catalyst was passivated before it was taken
out for characterizations. During catalyst passivation, the reactor was
purged with N for 12 h at the same temperature of reaction and then
cooled down to room temperature. A gas mixture with 1 % O, (N as

balance gas) was sent to the reactor to passivate the catalyst at atmo-
spheric pressure for 4 h. After passivation, the catalyst was removed
from the reactor and ultrasonically washed with carbon disulfide for 20
min. The sample, as the spent catalyst, was then washed with deionized
water and dried at 60 °C before conducting further characterization.
To investigate the evolution of the catalyst during the transformation
from the pristine to the active phases for the FTO reaction, the reaction
behavior for the prepared catalyst was investigated during the initial
period once it had been reduced by H; at the same condition. The time
set for the reaction duration was 0.5, 1, 2, 4, and 6 h respectively, while
0 h means reduction only without feeding syngas to the reactor. When
the catalyst had participated in the reaction for the set duration, the feed
gas was switched from syngas to Ny to follow the catalyst passivation
procedure. It was hard to collect a complete set of data for short reaction
periods in this dynamic experiment, we then mainly concentrated on the
selectivity to olefins and paraffins by looking at the O/P ratios. The
catalyst samples that have undergone different reaction durations were
characterized by HRTEM and XRD for the dynamic evolution of the
catalyst from the pristine state to its status when the reaction stabilized.

3. Results and discussion
3.1. The structural and morphological study

3.1.1. SEM analysis and elemental mapping for the catalyst

The pristine and used catalysts were analyzed by SEM for their
microscopic morphology, and the result is presented in Fig. 1. The Co-
Mn nanocomposite is formed after the catalyst precursor has been
calcined in the tube furnace, as shown in Fig. 1a. The round-shaped
nanocomposites are distributed evenly in a “pool” of graphite carbon.
Fig. 1b shows the morphology of the prepared catalyst when graphite
carbon has been removed by oxidation. It shows that the nanocomposite
prepared by this method has a spherical morphology with uniform size
and mono-dispersity. The morphology of the catalyst (Fig. 1c) has
changed significantly after the FTO reaction, from the original spherical
shape to an ellipsoidal shape with a smoother surface when compared to
the pristine catalyst. The growth of the particles is in an oriented di-
rection instead of a normally observed size increase for Co-based
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Fig. 3. XRD diagram for the pristine, the reduced, and the spent catalysts with
Co/Mn ratio at 2.

catalysts in the FTS. It is highly likely that the adjacent round-shaped Co-
Mn nano particles merged to form ellipsoidal-shaped Co.C particles
during carburization and reaction. The TEM results for the pristine and
spent catalysts in Fig. 4, Section 3.1.3 will demonstrate the different
shapes of the crystal facets of CoC. The dynamic evolution experiment
later will also reveal the course of such merging. The elemental distri-
bution in the nanocomposite for the prepared catalyst was characterized
by EDX-mapping, and the result is shown in Fig. 2. The EDX-mapping
exhibits the dispersion for each element as well as the overlayer for all
elements of the catalyst, with Co in red, Mn in green, and Na in blue. The
mapping result suggests that the catalyst prepared by this method has an
excellent dispersion in all involved elements.

3.1.2. XRD analysis for the catalyst

The pristine, reduced, and spent catalysts with a Co/Mn ratio of 2
were analyzed by X-ray diffraction for their phase compositions, and the
result is presented in Fig. 3. The pristine catalyst prepared in this work
before activation (reduction) has high signal intensities at 31.26°,
36.82°, 44.83°, 55.77°, and 59.47°, and these are corresponding to the
characteristic peaks of MnCoy045 (JCPDS#32-0297). The prepared
catalyst, therefore, possessed a single phase as MnCo02045. Once it is
reduced by Hp, the Co-Mn composite oxide transforms from MnCo204 5
to metallic Co (JCPDS#89-4307) and MnO (JCPDS#04-0326). No
MnCoy045 or any other Co-Mn composite or cobalt oxide(s) was
observed for the reduced catalyst sample by XRD. According to the
literature [24], Mn may hinder the reduction of Co*t to Coo, and the
degree of reduction of Co?t depends on the strength of the interaction
between Co and Mn. We have observed similar phenomena, see
Figure S1, when Na is not included in the prepared Co-Mn composite
catalyst, also as MnCo204 5, can only be reduced to CoxMnj 4O instead of
Co®. This suggests that Mn does hinder the reduction of Co. However,
when Na is added during the preparation of the Co-Mn composite
catalyst in this work, the reducibility of the catalyst changes completely
as Co® instead of CoxMn; 4O is derived for Co (Fig. 3). The result in Fig. 3
and S1 suggests that Na plays a crucial role in the successful reduction of
Co and its liberation from the Co-Mn composite structure, either
MnCo504 5 or CoyMn;_4O.

After the FTO reaction, the composition of the catalyst has trans-
formed to CoyC with the featured diffraction peaks appearing at 37.01°,
41.28°, 42.57°, and 45.75° (JCPDS#65-1457) [33], respectively, and
MnO with the featured peaks at 36.36° and 43.72° (JCPDS#04-0326).
The composition of the catalyst has changed from a single MnCo204 5 to
Co,C and MnO via Co® as the intermediate state. This confirms that
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Co,C, instead of Co?, is the active phase for the catalyst prepared in this
work. The XRD result also suggests that the lattice planes of Co,C formed
under syngas are (210), (101), (020), and (111). The lattice plane
information will be discussed in detail in the section of TEM charac-
terization. The signal at 31.38°, which could be attributed to either
MnCo204 5 or Co304 according to the database, appeared in the pristine
and spent catalyst samples but not in the reduced one. As the peaks for
MnCo2045 has gone in the reduced sample, the reappeared peak at
31.38° is therefore attributed to Co304, which is a result of oxidation of
Co° by H,0 formed by the FTO reaction. This will be addressed again
later in Section 3.2.1 when the catalyst evolves during carburization. In
addition, there is no diffraction signal identified for Na in all three
samples, suggesting that Na is highly dispersed.

The XRD result here clearly demonstrates the phase change for Co
during preparation, reduction, and carburization. Notably, Co® is pre-
sented in the reduced catalyst sample in this work, and it then trans-
forms to CooC with the presence of syngas. In contrast, the Co-Mn
composite catalysts prepared by other methods in the literature don’t
share the same transformation route for Co to derive CosC. The critical
difference is that Co® is usually not observed in their reduced catalyst
samples. For example, the catalyst prepared by the impregnation
method may result in two separate oxides of Co304 and MnO [34],
instead of Co-Mn composite. The co-precipitation method [35-39]
yields a Co-Mn composite, and such composite cannot be reduced by Hy
to form metallic Co due to the strong interaction between Co and Mn, as
suggested by the authors. It transforms from MnCo204 5 to CoxMn;.xO
and then to Co.C directly with the presence of syngas.

However, the experimental evidence in this work supports us to hold
a different opinion that Na is key to determining the successful reduction
of Co-Mn composite to the metallic state Co. As a spinel structure, Co-Mn
composite oxide, without transforming to independent Co and Mn spe-
cies due to a strong interaction between Co and Mn (as shown by the
XRD results in Figure S1) when Na is not added into the catalyst sample,
works as a catalyst for the FTS/FTO as well, but with very high selec-
tivity to CHy4 (as shown by the data in Table S2). When strong electron
donor Na is added, the spinel structure of Co-Mn composite oxide could
be reduced to Co® and MnO, but to different extents when different
preparation methods are applied. The “melting method” here results in a
much greater reduction extent, with mainly Co® in the reduced catalyst
sample and consequently higher content of Co,C after carburization (as
the data shown in Figs. 3, 5, 7), all of which suggest that the interaction
of Co-Mn in the spinel structure has been weakened. However, the
precipitation method with the same elemental contents gives partially
reduced Co-Mn composite, CoxyMn; O mainly after reduction, and a
mixture of CoyC and CoxMn; 4O in the spent catalyst (Figure S7), sug-
gesting that the strong interaction between Co and Mn in the spinel
structure persist. With the evenly distributed Na (Fig. 2) in the catalyst
due to the advantage of the catalyst preparation method in this work, the
MnCo204 5, therefore, decomposes to separate Co® and MnO crystals
successfully during Hy reduction. The Co® with the presence of Na then
transforms to Co2C with ease when syngas is introduced to the reduced
catalyst.

3.1.3. TEM analysis for the catalysts

The pristine and used catalysts were analyzed by TEM and HRTEM,
and the result is given in Fig. 4. The prepared Co-Mn nanocomposite
presents a uniform distribution in particles (Fig. 4a), and the average
particle size is about 11 nm (Figure S2a), while the spent catalyst shows
a much wider size distribution (Fig. 4c), and the average particle size has
increased to about 21 nm (Figure S2b). The morphology shows that the
crystal of the pristine catalyst is mainly spherical (Fig. 4b), and that of
the spent catalyst (Fig. 4d) is diverse, with spherical, prismatic, and
ellipsoidal shapes at wide dispersions. These changes match what we
have seen in the SEM analysis section and confirm that adjacent nano-
particles have merged to form larger particles. The catalyst morphology
has varied greatly when the FTS reaction takes place on the surface of



Y. Liu et al.

d=2.172 A ‘
Co,C (020)

A
(020)

Chemical Engineering Journal 479 (2024) 147927

Fig. 4. TEM images for catalysts at different stages with Co/Mn ratio at 2 (a-b: pristine catalyst; c-d: spent catalyst) and different cobalt carbide crystal facets after

reaction (e-h).

the catalyst, while the composition of the catalyst has also changed
extensively. The phase attribution was verified by lattice stripe analysis.
The lattice pitch of the pristine catalyst (Fig. 4b) is 4.72 \AA, corre-
sponding to MnCo2045 (111) facet. After reduction and reaction, the
MnCo2045 (111) has transformed to MnO (120) (Fig. 4f) with a lattice
pitch of 3.46 \AA and CoyC with at least four different crystal facets,
including ellipsoidal Co,C (210) with a lattice pitch of 1.98 \AA cor-
responding to the 45.75° characteristic peak of XRD spectrum, prismatic
Co2C (020) with a lattice spacing of 2.19 \AA corresponding to 41.27°
characteristic peak of XRD spectrum, and round shaped Co,C (111) and
CoyC (101) with pitches of 2.12 \AA and 2.42 \AA respectively. Ac-
cording to the literature [26], different crystalline facets exhibit

different catalytic properties, with (101) and (020) facets capable of
achieving high selectivity towards low-carbon olefins.

No Co° was found in the spent catalyst with the analysis results of
XRD and TEM, although Co® is believed to be essential for the FTS re-
action in the literature. Some early study [27] also suggests that Co,C is
unstable and could transform back to Co with the presence of Hy. The
observed Co,C with various facets stabilized as the active phases of the
catalysts during the FTO reaction. Promoters such as Mn and Na are
believed to help stabilize the CoyC [40-43], which is confirmed in this
work with no Co® but Co,C only as the active phase in the catalyst. The
transformation route of the Co-Mn composite in the prepared catalyst to
Co,C as the active phase has been discussed, while how the material
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evolved from the pristine catalyst to the active catalyst will be further
studied later in Section 3.2.

3.1.4. XPS analysis for the catalyst

In addition to the morphological and phase characterizations above,
the XPS was applied to analyze the valance states of elements in the
pristine Co-Mn composite oxide, the reduced, and the spent catalysts.
The XPS procedure in the Experimental was applied for the pristine and
spent catalyst samples. The analysis for the reduced sample was done by
reducing the sample in situ with Hy at the same reduction temperature
for 2 h prior to conducting the analysis, considering that the reduced Co-
based catalyst is easily oxidized once it is exposed to the air. The full
spectrum of XPS analysis for the pristine catalyst is given in Figure S3.
The XPS result of Co 2p and Mn 2p for the catalyst at the three stages is
shown in Fig. 5, and that of the C 1 s and O 1 s is given in Figure S4.

Both Co®" (781.14 eV) and Co>" (780.05 eV) are observed for the
pristine catalyst in the Co 2p spectra (nCo®" / nCo?*=1.57), which
correspond to the valance states of Co in the Co-Mn composite
MnCo2045. Once the catalyst is reduced, mainly Co® (778.41 eV) is
found with a limited amount of Co?*(nCo® / nCo*"=11.61), suggesting
that most of MnCo,04 5 has been reduced to release metallic Co from the
composite structure. This matches the XRD result for the reduced cata-
lyst, see Fig. 3. It is also noticed that no Co oxides peaks were identified
in the reduced sample in the XRD result but not all Co is identified as Co°
valance state by XPS. It may be due to some small crystals that are hard
to reduce, which is often experienced for the Co-based catalysts for the
FTS [44]. The small crystals may not be identified by the XRD to form
featured diffraction peaks but can be picked up by the XPS. Other than
this, an incomplete reduction may also happen as a shorter reduction
period (2 h for the analysis versus 15 h in the experiment) was applied
during the in situ study of XPS. Nevertheless, the reduction of the Co?*
and Co®* in the MnCo204 5 to Co® was achieved. After carburization
during the reaction, Co?* becomes a predominant state with a limited
amount of Co>t (nCo?* / nCo®*=21.13). Combing the result provided
by XRD and HRTEM, most of Co is now in the form of Co,C [45,46] as
neither CoO nor CoxMn; 4O is identified. This could also be supported by
the carbide peak found in the C 1 s spectra (Figure S4). The evolution of
Co valance states in the pristine, reduced, and spent samples revealed by
the Co 2p spectra agree with the XRD and HRTEM analysis results by
giving us two important facts that Co can be reduced from the
MnCo5045 to Co® and most of Co is in the form of CoyC during the
reaction.

Regarding the Mn 2p diagram, Mn is found to be Mn*" for the
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pristine catalyst as the peak appears at 642.48 eV in the spectrum, which
corresponds to the XRD and HRTEM results for the pristine catalyst
sample as Mn has combined with Co and O to form MnCo5045 [47].
While in the reduced sample, majority of Mn shows in the valance state
of Mn?* as the peak shifts to 640.25 eV, with a small amount in Mn**
(nMn?*/ nMn** =16.82), suggesting that Mn element is in the form of
MnO [48]. The change of valance state of Mn here is actually strong
evidence to support that the Co has been successfully liberated from Co-
Mn composite during catalyst reduction as the phase separation of
MnCo,045 forms two separate crystals, MnO and Co’. In the spent
catalyst sample, the content of Mn*t (nMn2+/ nMn** =15.35) is close to
that in the reduced sample, suggesting that Mn?* is stably maintained
during the carburization process and reaction.

Lattice O was the dominant signal in O 1 s spectrum for the pristine
catalyst (Figure S4), which is expected because Co-Mn composite oxide
was identified as the dominant species in the precursor catalyst. Once
the catalyst is reduced, the lattice O has dropped to a very low fraction,
suggesting the large fraction of lattice O has been taken out during the
reduction. The proportion of lattice O becomes even smaller in the spent
catalyst sample, which may be a result of the amplified OH peak caused
by the products.

3.1.5. Mn effect on the active phase of the catalyst

To investigate the effect of Mn additives on the catalyst regarding Co-
Mn composite structure and catalytic performance, we prepared cata-
lysts with different Mn content and marked them as Co/Mn ratios with
values of 1, 2, 5, and 10. The elemental analysis for these catalysts is
given in Table S1. Its structural effect is discussed here with the XRD
analysis, and the effect of Mn on product selectivity will be discussed in
Section 3.3.1.

Fig. 6 shows the XRD diagram of the catalysts prepared with different
Co/Mn ratios. According to the database (JCPDS#43-1003 and
JCPDS#32-0297), the diffraction peaks for Co304 and MnCo2045
appear at almost the same 260 location. For the pristine catalysts
(Fig. 6a), the signals get intensified when the Co/Mn ratio increases,
which is caused by a higher content of Co304 in the samples. While the
XRD pattern for the sample with a low Co/Mn ratio (Co/Mn = 1), Mn3O4
peaks are identified at 50.98°, 60.02°, and 67.86° (JCPDS#18-0803).
XRD patterns for both Co304 and Mn304 with the same catalyst prepa-
ration method used in this work are given in Figure S5 as a reference.
The XRD pattern of the spent catalyst (Fig. 6b) shows diffraction peaks
corresponding to CooC, MnO, and Co304. For all spent catalysts, CooC
with the four facets mentioned above with the characteristic peaks at
37.01°, 41.28°, 42.57°, and 45.75° are all observed, revealing that
MnCo,04 5 has been carburized into these cobalt carbides at the inves-
tigated Co/Mn ratios with the presence of syngas during the reaction.
Co304 (31.38°) is detected in the spent catalysts for all four Co/Mn ra-
tios, and a higher ratio gives a stronger Co304 intensity as more Co has
been oxidized during the reaction due to higher availability of Co®.

3.2. The dynamic evolution of the catalyst

The compositions, structure, and morphology of the pristine and
spent catalysts have been clearly shown with the results above. To
further understand the evolution of the catalyst from the just prepared
state to the active status and the corresponding performance during the
dynamic evolution, we ran FTO experiments at the same conditions with
different periods during the initial stage when the catalyst had been
reduced with Hj, as has been introduced in the Experimental section.
The SEM, XRD, and HRTEM results for the catalysts that have undergone
different reaction durations are reported here and the reaction data
during catalyst evolution will be discussed in Section 3.3 [5].

3.2.1. SEM analysis during dynamic evolution of the catalyst
Figure S6 presents the morphology of the catalyst by SEM at different
reaction durations. The freshly reduced catalyst shows a spherical shape,
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Fig. 8. TEM images of the catalyst at different reaction stages with Co/Mn ratio at 2 (a-b: after 15 h of H; reduction, c-d: after 0.5 h of reaction, e-f: after 1 h of
reaction, g-h: after 2 h of reaction, i-j: after 4 h of reaction, k-1: after 6 h of reaction.).

and the metal nanoparticles were partially clustered. Once syngas is
introduced and the carburization process initiates, the catalyst
morphology starts to change slowly, and particle size becomes larger
gradually. More ellipsoidal-shaped particles are eyed when the reaction
duration extends. With such unceasing change, the nanoparticles
eventually reached a morphology shown in Fig. 1c.

3.2.2. XRD analysis during dynamic evolution of the catalyst

Fig. 7 illustrates the XRD patterns for the catalyst with Hp-reduced
and during the reaction. The XRD result here suggests that the metallic
Co can be transformed to CopC mainly within 6 h under the syngas at-
mosphere at 0.1 MPa(g). The appearance of CoyC starts from 4 h of re-
action, and by the end of 6 h, the marked Co,C with all four different
facets can be identified on the XRD spectrum with signals in good in-
tensity. Meanwhile, the Co? peak (44.23°) starts to shrink when Co,C
appears, and it vanishes at the end of 6 h. We also notice that Co304
(31.38° at XRD spectrum of 6 h) has no intensity when the catalyst is
freshly reduced and appears at the end of 6 h, suggesting that part of Co®
is oxidized by HyO in the reactor. The result here confirms that the peak
at 31.38° that we noticed in Fig. 1 should be attributed to Co304 instead
of MnCo304 5. Co304 is believed to have the water—gas-shift (WGS) ac-
tivity, so CO2 will be formed by this catalyst [49].

3.2.3. TEM analysis during dynamic evolution of the catalyst

The TEM analysis for the catalysts that have undergone different
reaction durations is presented in Fig. 8. The freshly reduced catalyst has
lattice pitches of 2.03 A and 2.53 ;\, corresponding to the Co (111) and
MnO (111). These match the peaks at 44.23° and 35.24° of the XRD
spectrum in Fig. 8. During reduction, the reduced Co migrates out of
MnCo2045 and separates from MnO. The formed Co® and MnO are
scattered next to each other. Clearly, with reduction by Hy, the prepared
Co-Mn composite oxides have separated into Co’ and MnO. When the
reaction duration extends, the Co lattice becomes less identified. Until 6
h of reaction, the prismatic Co,C (101) starts to appear.

Both the dynamic XRD and HRTEM results suggest that the Co-Mn
composite could be reduced to two separate phases, Co® and MnO,
and the transformation of Co® to Co,C can be achieved within 6 h with
the presence of syngas at 240 °C. The period needed for the trans-
formation of Co® to Co,C is much shorter when compared to some
previous work when the catalyst was prepared by co-precipitation and
impregnation methods [31].

3.3. FTO performance of the catalysts

We performed a series of experiments to investigate the performance
of the catalysts prepared by the “melting” method. The catalytic
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Table 1

Catalytic performance with different Co/Mn ratios when H/CO = 2 in the feed.
Entry Catalyst Pressure (MPa) CO conv.(C%) C3.4 sel.(C%) C5.s sel.(C%) CH,4 sel.(C%) O/P ratio

C, Cs C4 Cs Ce c, Cg

1 Co/Mn =1 0.1 12.48 49.88 25.38 10.04 9.64 10.45 10.56 7.60 6.14 4.37 3.78
2 1 12.70 46.95 17.83 14.59 2.16 4.79 5.12 4.44 3.22 2.66 2.28
3 2 13.96 34.84 10.54 16.18 1.31 1.84 1.94 1.37 1.46 1.62 1.48
4 Co/Mn = 2 0.1 10.75 52.72 21.06 11.46 7.57 11.68 11.85 7.90 5.22 3.67 2.61
5 1 11.25 44.17 15.72 17.27 4.09 5.20 4.79 3.09 2.84 2.48 1.29
6 2 14.42 35.77 14.45 21.77 1.63 3.27 2.86 1.84 1.68 1.65 1.06
7 Co/Mn =5 0.1 12.11 52.13 20.13 12.82 8.33 10.88 11.76 7.19 5.39 2.89 1.12
8 1 14.74 44.97 16.81 20.23 3.65 5.13 5.08 3.39 3.27 3.15 3.01
9 2 17.30 26.92 4.50 31.99 0.57 1.45 1.62 1.20 1.37 1.60 1.57
10 Co/Mn = 10 0.1 6.83 56.57 16.49 13.74 7.86 9.67 9.02 4.46 2.87 3.19 2.47
11 1 10.84 40.59 11.63 24.83 1.55 3.41 3.68 2.54 2.32 2.21 2.36
12 2 13.52 26.15 5.01 31.04 0.59 1.42 1.68 1.37 1.32 1.12 0.92

Reaction conditions: T = 240 °C, Hy/CO = 2, WHSV = 3000 mL/(h-g..,) (Selectivity of olefins is based on the formed HCs, while the CH, selectivity is based on the
converted CO).

Table 2

Catalytic performance with different Co/Mn ratios when H,/CO = 1 in the feed.
Entry  Catalyst Pressure CO conv.(C Co.4 ~sel.(C%) Csg sel.(C%) CHgsel.(C O/P ratio

(MP)) %) %) Cy Cs C4 Cs Ce c, Cs

1 Co/Mn =1 0.1 8.80 45.43 31.25 4.49 12.69 13.98 15.01 9.47 9.68 8.14 7.64
2 1 8.86 40.5 24.81 11.77 3.35 5.03 5.68 4.06 3.80 3.55 3.53
3 2 12.77 32.73 18.36 16.59 1.35 2.40 2.66 1.72 1.70 1.60 1.42
4 Co/Mn = 2 0.1 7.72 60.26 22.7 4.95 31.78 15.67 12.98 7.73 6.91 5.63 2.44
5 1 8.13 53.94 14.48 11.37 19.41 5.44 4.14 5.11 4.39 4.07 3.59
6 2 11.91 46.43 13.23 19.45 2.84 4.61 4.46 3.03 3.07 2.58 2.42
7 Co/Mn = 5 0.1 6.83 54.98 23.73 7.77 11.62 13.49 14.68 9.35 8.13 2.83 0.83
8 1 12.67 45.41 22.84 10.24 4.76 5.60 5.32 3.57 4.32 2.67 1.89
9 13.10 32.79 13.27 21.00 0.97 1.91 2.22 1.50 1.79 1.33 1.27
10 Co/Mn = 10 0.1 3.40 50.06 28.86 5.87 14.04 11.39 11.13 8.05 7.46 5.76 5.03
11 1 7.63 41.02 21.28 16.68 4.52 3.79 4.73 3.92 3.0.81 3.09 2.57
12 2 11.42 34.45 11.82 21.78 0.93 1.79 2.40 1.89 1.83 1.78 1.56

Reaction conditions: T = 240 °C, Hy/CO = 1, WHSV = 6000 mL/(h-g..,) (Selectivity of olefins is based on the formed HCs, while the CH, selectivity is based on the
converted CO).
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Fig. 9. CO; selectivity under the investigated conditions (a: T = 240 °C, Ho/CO = 2, b: T = 240 °C, H,/CO = 1).
performance, including selectivity to olefins, CH4, and CO, under performance of the prepared Co-Mn composite as the precursor catalyst
different pressures and Ho/CO ratios is studied, and the correlation be- to form Co-,C for the FTO is summarized in Tables 1 and 2 with Co/Mn
tween the performance and the catalyst properties is discussed. The ef- ratio, reaction pressure, and Hy/CO ratio in the feed gas. The CO,
fect of Mn content on the reaction performance of CoyC-based catalysts selectivity under various conditions with different Co/Mn ratios is
is evaluated [50]. The selectivity of olefins during the carburization of plotted in Fig. 9.

Co® was also recorded and discussed. And finally, we evaluated the
stability of the catalyst by running the experiment for 100 h. The
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Fig. 10. Product distribution for catalysts with different Co/Mn ratios (a,1; b, 2; ¢, 5; d, 10) with Ho/CO = 2 in the feed gas (T = 240 °C, P = 0.1 MPa(g), WHSV =

3000 mL/(h-gcap).

3.3.1. Olefin selectivity with the prepared catalyst

Data in Tables 1 and 2 show that the derived CoyC catalysts
demonstrate high selectivity to lower a-olefins. Similar to the data re-
ported for Co,C in the literature, a low operation pressure favors the
selectivity to olefins. When 0.1 MPa(g) pressure was set for the reactor,
the selectivity to Co-C4 olefins could be as high as more than 60.26 %
with high olefin/paraffin ratios, such as 31.78 for Cy, 15.67 for C3 and
12.98 for C4. When the operating pressure is increased to 2 MPa(g), the
corresponding olefin/paraffin ratios drop rapidly to 2.84, 4.61, and
4.46, respectively. Olefin to paraffin ratios decreases with the increase in
carbons numbers. This behavior has been observed widely in the studies
of the FTS as the hydrogenation capability increases when the carbon
number gets larger. The catalyst gives a low selectivity to CH4 at low
operating pressure, corresponding to the high selectivity to olefins. This
suggests that the hydrogenation ability of this catalyst (especially with
(101) and (020) facets suggested by the literature), either to the -CHo—
monomer or to the olefins absorbed on the catalyst surface, is extremely
weak. CoyC favors the desorption of the unsaturated HCs once they are
formed on the active sites [51]. Such weak adsorption reduces the
probability of the short-chain HCs undergoing a further chain growth
reaction, therefore resulting in low a values for the products (Figs. 10
and 11). Crystal size has been reported to affect the products as well.
When Co,C nanoparticles are larger than 7 nm, both intrinsic activity
and product selectivity don’t depend on the particle size [50]. In this
work, the particle sizes of Co,C are in the range of ~20 nm (Section 3.1.3
and Figure S2), implying that the size effect is not significant to the
performance of the catalysts. An increase in operating pressure and the
Hy/CO ratio prompts Hy partial pressure in the reactor, favoring hy-
drogenation of the olefins. The CH4 selectivity could increase from

11

below 5 % to more than 30 % when Hj partial pressure and Mn content
both favor the CHy4 formation on the same Co,C active sites.

We also include the selectivity to Cs-Cg olefins in the reported data as
we believe that the value of FTO resides both on lower olefins and higher
olefins. The rich olefins with higher carbon numbers produced by the
FTO process are value-added chemical feedstocks that other syngas
conversion technologies, such as MTO and OX-ZEO, could not provide.
When the reaction pressure is low, and the H,/CO at 1, the O/P ratio for
Cg is still as high as 3.58 with Co/Mn ratio at 2 in the catalyst, meaning
more than 78 % of Cg is in olefin. High olefin selectivity for C,-Cg pro-
vided by this catalyst offers good opportunities for further conversion of
the rich olefins to high value-added oxygenates, which will significantly
improve the profit for the overall process.

The data in the tables also show that the change of operating pressure
has a limited effect on the reaction rate for the Co,C catalyst, suggesting
that the rate-limiting step does not reside on the adsorption of the re-
actants but rather on the activation of CO and Hj. Unlike Co, CooC
demonstrates a weak ability to dissociate Hy [52] as Hp is usually the
limiting factor for the reaction rate in the FTS. A lower hydrogen dis-
associating rate also inhibits the formation of saturated HCs.

3.3.2. Product distribution

As alower pressure favors the selectivity to the olefins, we, therefore,
plotted the product distribution for the catalysts with different Co/Mn
ratios at two feed gas ratios at 0.1 MPa(g) operating pressure. The chain-
growth probabilities for these product distributions are calculated. The o
values are low for the prepared catalysts with different Co/Mn ratios at
the testing conditions. This features the catalyst suitability for the pro-
duction of short-chain olefins. It is noticed that at some conditions, for
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example, in Fig. 10a and 11b, C2 presents a higher selectivity than Cs3 conditions to achieve a further tunable selectivity of Cy olefin to other
while at the majority of conditions, C3 shows the highest selectivity. This olefins.
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3.3.3. Effect of Mn on the product selectivity

During the transformation of the Co-Mn composite to Co2C, Mn is
released from the Co-Mn composite oxide (MnCo5045) to form MnO.
MnO and Na are critical for stabilizing Co2C in his work, and donating
electrons to CooC also plays a vital role in product selectivity. As an
electronic and structural promoter, Mn has a regulatory effect on the
morphology of Co,C nanoparticles and facilitates the formation of spe-
cific facets (020) and (210) [24]. Our data shows that a higher selec-
tivity to olefins can be achieved in general, especially for the higher
carbon numbers when Mn content is high. The catalyst demonstrated
higher O/P ratios for Cs-Cg olefins with Co/Mn ratio at 1 when other
conditions are the same. A higher Mn content favored the desorption of
unsaturated olefinic products before they convert to saturated paraffins,
creating chances for the unsaturated olefins to reabsorb on the active
sites for further chain growth reaction with the adjacent -CHo— mono-
mers that are favored by Mn as well. Therefore, the chain growth re-
action increases the formation of longer chain HCs and decreases the
selectivity to lower a-olefins. A lower Mn content in the catalyst favors
the formation of CHy4, which is undesired in the FTS and FTO as a high
CHy4 selectivity reduces the carbon efficiency. A lower Mn content re-
duces the desorption of —-CHy— monomers from the active sites and
prompts the hydrogenation of the monomers to form CH4. Meanwhile,
there is no straightforward correlation between the Mn content and the
CO, selectivity, as shown in Fig. 9, as a matter of fact that WGS for COy
formation is a result of both the property of the catalyst and the partial
pressure of H,O in the reactor.

The data obtained also suggest that Co and Mn should be in
reasonable proportion to balance the performance of the catalyst. When
Mn content is too low, the binding between Co and Mn is reduced.
Therefore, it may reduce the formation of specific facets of cobalt car-
bide and affect the selectivity to olefins. When Mn content is too high, it
may cover the surface of Co and inhibits the exposure of CoyC, conse-
quently reducing the catalytic performance. With the increase of the Co/
Mn ratio, as shown in Tables 1 and 2, the O/P ratio for lower carbon
numbers first increased and then decreased. When the Co/Mn ratio was
at 2, we can obtain 60.26 % selectivity to C,-C4 olefins with an O/P ratio
in a range of 31.78-12.98 based on the overall HCs produced, 22.70 %
selectivity to Cs-Cg olefins with O/P ratio in a range of 7.73-2.44. In
comparison, the selectivity to CO2 and CHy is 11.49 % and 4.95 %,
respectively, with Hp/CO ratio at 1 in the feed gas. Therefore, Co/Mn =
2 can be regarded as the optimal ratio in terms of the performance of the
catalysts in this work.

3.3.4. CO; selectivity of the catalysts

The catalyst prepared in this work gives a low CO; selectivity with
CoyC as the active sites and high selectivity to olefins both for C,-C4 and
Cs-Cg. Fig. 9 summarizes the CO3 selectivity at two gas ratios and three
pressures adopted for the catalysts with different Co/Mn ratios. Gener-
ally speaking, the Co,C transformed from MnCo304 5 via Co® demon-
strates a low COy selectivity. It is below 20 % for most of the conditions
except when the catalyst was tested at 2 MPa(g) pressure, which is
usually not adopted when lower olefins are the preferred products with
Co-based catalysts. A low Hy/CO ratio and a low reaction pressure
benefit the low selectivity to CO2, which agrees with the experimental
result in the literature [53]. We further compared the activity (as shown
by CO conversion) and selectivity of CO and CHy, for the Co,C catalysts
prepared by the melting method in this work and the precipitation
method adopted from the literature [26] with the same elemental con-
tents (Co/Mn ratio at 2 and 0.4 wt% Na), and the results are presented in
Fig. 12 below. Under close CO conversions at 240 and 250 °C, the
catalyst prepared by the method in this work demonstrates much lower
COq, selectivity but similar CHy4 selectivity. Similar to the data reported
in the literature when the precipitation method is used, the catalyst gives
more than 45 % C; (CO2 + CHy) selectivity. With high selectivity to the
olefins, Cy, products produced here could be regarded as high-value
products. Therefore, the catalyst prepared by the method in this work

13

Chemical Engineering Journal 479 (2024) 147927

demonstrates superior carbon efficiency.

When selectivity to lower olefins is highly emphasized, drawbacks
for the overall carbon efficiency, such as high CO, and CHjy selectivity,
are often observed, depending on the category of the catalysts. With
CoyC catalysts derived from Co-Mn composite, we usually experience
more than 40 % of CO; selectivity [54]. Generally speaking, CO;
selectivity in the FTS and FTO reaction system is decided by both the
catalytic material and the concentration of H,O vapor that the active
sites face [55]. With the characterization results, we can see that similar
facets for CooC are derived in this work compared to works in the
literature. It is believed that the product selectivity is decisive by the
active sites of the catalytic material, which is fair, while the result in this
work suggests that the composition in the CooC catalyst as well as the
transformation pathway from the precursor catalyst to the final active
Co4C sites are crucial factors that decide the CO5 selectivity.

The characterization of the catalyst in this work confirms that it
contains mainly CoyC and a limited amount of Co304 (11.24 % as
calculated by the XRD result in Fig. 3). Co30y4 is active for WGS [49], so
an even lower CO selectivity should be expected if the catalyst contains
CosC only. This implies that high CO5 selectivity on CosC catalysts in the
literature should not be attributed to Co2C only but also to the presence
of other materials, such as the untransformed Co-Mn oxides from the
precursor catalyst. Recent work with DFT calculation agrees with the
speculation here that CoyC by itself does not hold WGS activity under
FTS/FTO conditions [55]. As a matter of fact, the catalysts prepared in
this work share the same or similar elemental compositions as those in
the literature when high CO, selectivity is experienced [56]. It is,
therefore, inappropriate to attribute the large difference in CO; selec-
tivity to the elemental content or promoters. However, the different
catalyst preparation methods here and in the literature do result in
different active phases during the FTO reaction. The difference in CO4
selectivity relies on the composition of catalysts under reaction, with
CoyC identified as the active phase in this work without CoxMn; 4O, but
the co-existence of Co,C and CoyMn;.,O in some other works [26,30].
The XRD results for the catalyst prepared by the co-precipitation method
[26] at pristine, reduced, and spent status are presented in Figure S7.
With the same reduction procedure stated in the Experimental part, only
a fractional Co was successfully liberated from the composite structure.
After conducting the FTO reaction, CoxMn; 4O and CosC are observed to
co-exist in the catalyst sample. This is the intrinsic difference from the
feature that no CoyMn; 4O is identified in the spent catalyst sample
prepared by the melting method. The reaction data for the catalyst
prepared by the precipitation method show that more than 40 % CO,
was obtained when only fractional Co has transferred to Co,C but still a
large fraction remained in the CoxMn; 4O composite structure. We,
therefore, believe that the presence of CoxMn; 4O is the decisive cause of
a higher CO; selectivity than CosC itself that has been observed in the
FTO in the literature.

The characterizations of the catalyst samples at different stages
provide a clear clue why CoxMn; 4O co-exists by the co-precipitation
method in the literature but not by the method reported in this work.
As has been discussed in Section 3.1.2, Na plays a crucial role in the
successful reduction of Co from MnCoy04s, i.e., to Co® when Na is
available to the Co-Mn composite, and to CoxMn; yO when no Na is
available for the composite. The elemental mapping reported in the
literature by co-precipitation shows uneven dispersion of Na in the
catalysts [41]. Therefore, not all the formed MnCo204 5 after calcination
can be reduced to Co® successfully, and a lengthy carburization process
is usually required for a slow, but yet not complete, the transformation
of CoxMn; 4O to Co,C in some previous works [26]. As with a very even
Na dispersion (Fig. 2), the MnCo204 5 prepared in this work could be
reduced to form Co® and then carburize to Co,C with ease. Therefore, we
conclude that the low CO3, as low WGSR activity of the catalyst in this
work, is a result of higher content of CoyC in the catalyst and without
CoxMn;1 4O, which is responsible for the WGSR. The well dispersion of
Na is the key factor that ensures the high CosC content by facilitating the
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Table 3
Olefin/paraffin ratios for C,-Cs during the course of transformation of Co® to
C02C.

Reaction time C, O/P C3 O/P C4 O/P Cs O/P
0.5h 5.10 10.46 12.74 8.18
1h 8.63 16.54 16.30 12.31
2h 6.28 13.68 14.37 9.23
4h 7.46 14.86 16.00 11.35
6h 6.40 8.44 9.00 7.45

Reaction conditions: T = 240 °C, H,/CO = 2, WHSV = 2000 mL/(h-g..), Co/Mn
=2.

easy reduction of Co from MnCo,04 5 to co’ (Fig. 3, 5 and S8) and then
the formation of Co,C from Co®during carburization.

3.3.5. Selectivity to olefins during the catalyst evolution experiment

We recorded the olefin to paraffin ratios for Cy-Cs during the dy-
namic evolution experiment when we were investigating the carburi-
zation process of the Co® and the result is given in Table 3. The reaction
data during the dynamic evolution experiment suggests that similar
selectivity to olefins could be achieved with Co®. In the transient period,
when Co is gradually carburized during the first 6 h in this work, there
are stages for the catalyst to hold Co® only, both Co% and Co,C, and Co,C
only. However, during the former two phases, the selectivity to olefins is
similar to the last phase when Co has transformed to CoyC. Although
high selectivity to a-olefins is attributed to the presence of Co.C as active
sites by previous studies [57], while the data here suggests that Co itself
could give a comparably high selectivity to a-olefins. This raises the
question if CooC is essential for a high selectivity to olefins in the FTO.
This work suggests that with MnO and Na positioned next, Co® can also
give a high selectivity to olefins. The DFT calculation (CoH4 was used as
the representative for olefins in the DFT calculations on metallic Co and
various facets for CooC) in the literature [26] supports the observation
here, although it focused on different Co,C facets and the result for Co®
was presented as a reference. The calculation suggests that amongst the
various Co-C facets, on the surface of Co,C (101) does the CHyCH,
remain the most stable species. While in the meantime, the effective
energies for the formation of CH,CH; from two CHjs on the surface of
Co® and CoyC (101) are very close. It implies that the metallic cobalt
favors the formation of olefins similar to some of the Co,C facets. Still,
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from a mechanism perspective, it is proven that high selectivity to ole-
fins could be obtained by both Co® and Co,C, supported by the DFT
calculation in the literature and the experimental data obtained in this
work.

3.3.6. Catalyst stability test

The prepared catalyst was tested for 100 h to demonstrate the sta-
bility of its performance. The CO conversion, CHy4, and CO; selectivity
with time on stream are plotted in Fig. 13, and the O/P ratios for C,-C4
HCs are listed in Table 4. The catalyst does not show an apparent
deactivation during the 100 h test. The CO conversion dropped slightly
but maintained the same level when approaching the end of the test. The
O/P ratio for C showed a noticeable drop in the 100 h of the test, while
that for Cz and C4 are relatively stable. It is well known in the FTS that
the hydrogenation ability of CoHy is higher than other olefins. Therefore
O/P ratio for C; is sensitive to changes in both Hy partial pressure and
the hydrogenation ability of the catalyst. CH4 selectivity also shows a
slight increase during the 100 h test, which could be explained by the
same reason that caused the O/P change for C.

4. Conclusion

A “melting” catalyst preparation method was adopted to prepare a
Co-based catalyst with Mn as a primary promoter and a limited amount
of Na as a secondary one. The catalyst prepared by this method for the
FTO reaction results in a high selectivity to lower olefins and, in the
meantime, low selectivity to CO5. A very uniform nano-sized Co-Mn
composite oxide is manufactured as the precursor catalyst, and Co2C is

Table 4

Olefin/paraffin ratios for co-C4 during the catalyst stability test.
Reaction time C, O/P C; O/P C4 O/P Cy.40/P
10h 31.78 15.27 12.98 26.69
30h 33.95 15.67 16.35 16.35
50 h 28.58 14.14 18.26 18.26
70 h 24.58 15.05 16.29 16.29
100 h 32.82 15.00 15.77 15.77

Reaction conditions: Co/Mn = 2, T = 240 °C, P = 0.1 MPa(g), H,/CO = 1, WHSV
= 6000 mL/ (h-gcap)-
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Fig. 13. Stability test for the catalyst (Co/Mn = 2, T = 240 °C, P = 0.1 MPa(g), H,/CO = 1, WHSV = 6000 mL/ (h-gcar)).
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formed by carburization as the catalyst for the FTO reaction. MnCo204 5
is identified as the compound for the Co-Mn composite oxide, demon-
strating a weak interaction between Co and Mn. Under the H, atmo-
sphere, MnCo,04 5 transforms to metallic Co easily with great reduction
extent. Mn is also freed from the composite as MnO that scatters next to
the Co. The successful liberation of Co and MnO is due to the presence of
Na as MnCo,04 5 can only be reduced to Co,Mn;_,O instead of Co® when
no Na is added to the composite. When the reduced catalyst is exposed to
syngas at 240 °C, Co,C is formed via carburization of Co®, and this
process can be finished within 6 h, which is much quicker when
compared to some work reported in the literature. Four different crystal
facets, (210), (020), (111), and (101) for CooC, are formed under the
reaction conditions, and they could be stably maintained with the help
of Mn and Na. No converting of Co,C to Co® or further to Co oxides is
found during the reaction, but part of Co® is oxidized to Co304 by Hy0
formed with the FTO in the course of carburization. At optimal operating
conditions, the catalyst achieved 60.26 % selectivity to Cy-C4 olefins
with the O/P ratio in a range of 31.78-12.98 based on the overall HCs
produced, 22.70 % selectivity to Cs-Cg olefins with O/P ratio in a range
of 7.73-2.44, while in the meantime the selectivity to CO2 and CHy is
11.49 % and 4.95 %, respectively. With olefins as valuable products,
83.56 % selectivity to Cy; hydrocarbons could result in a very high
carbon efficiency for the FTO process. Low CO3 selectivity on the cata-
lyst in this work is believed to be attributed to the high content of Co,C
with no Co-Mn composite oxide left in the active catalyst, the trans-
formation path of how CoyC is formed via sufficient reduction and
carburization, as well as its uniform morphology. The evenly dispersed
Na in the catalyst is the key to ensure no remaining Co-Mn composite in
the catalyst prepared in this work. Metallic Co formed by reduction for
the prepared catalyst is observed to have similarly high olefin to par-
affins ratios as Co,C although it cannot be stably retained under a syngas
atmosphere. The stability experiment illustrates that the catalyst is
stable within 100 h of the investigation except a drop in the Cy O/P ratio
due to its sensitivity to the change of hydrogenation ability of the
catalyst. An increase of Mn content in the catalyst could improve the
selectivity to higher olefins (Cs-Cg) but with a price of reduced selec-
tivity to olefins with full carbon spectra.
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