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ABSTRACT: In the present study, a series of K-modified CoMoS catalysts with -° °°CO+H:
compositions of 10% K, 3.6% Co, and 12 wt % Mo supported over novel commercial =+ = %
activated carbons such as powder materials (DAC and OBC-1) and fiber materials (fabric
active sorption (TCA) and nonwoven activated material (AHM)) were prepared and
characterized by Brunauer-Emmett-Teller (BET), X-ray fluorescence (XRF), scanning
electron microscopy (SEM), SEM—energy dispersive X-ray (EDX), and transmission
electron microscopy (TEM). The catalytic activities for higher alcohol synthesis from syngas,
conducted at T = 300—360 °C, P = 5 MPa, GHSV = 760 L h™" (kg cat)™', and H,/CO = 1.0,
were investigated. Cat-TCA and Cat-AHM have shown a filamentous morphology with a strip axial arrangement and that a few
longitudinal grooves and many irregular particles are distributed on the fiber surfaces. The degree of entanglement of the strip axial
arrangement in AHM was found to be more than that in TCA, thus leading to form tangled MoS, slabs on AHM and long linear
slabs on TCA with long rim sites. The obtained results revealed that the CO conversion increases in the order Cat-TCA < Cat-OBC-
1 < Cat-DAC < Cat-AHM. Ethanol, propanol-1, and methanol are the most predominant alcohol products in the collected liquid
products, with the byproducts containing mainly butanol-1, isobutanol, amyl alcohol, and isoamyl alcohol. Cat-DAC and Cat-OBC-1
show higher selectivity toward C,,, C,,, propanol-1, butanol-1, isobutanol, and amyl alcohol-1 than Cat-TCA and Cat-AHM. For
powdered activated carbons, microporous catalysts inhibited isomerization because the catalyst that contains the highest micropores
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(Cat-DAC) produced a considerable amount of linear alcohols compared with Cat-OBC-1.

1. INTRODUCTION

Higher alcohol synthesis (HAS) from syngas remains a cost-
effectively appealing technique for the production of chemicals
and fuels." Several researchers created numerous catalytic
techniques for HAS through the hydrogenation of carbon
monoxide. From these studies, the catalysts for HAS are
classified into two groups:”~* (i) modified methanol synthesis
catalysts that are used in the production of methanol and
branched alcohols and synthesis of straight-chain alcohols,
such as transition metal sulfide catalysts (TMSs), which are
more attractive due to their good resistance to the poisoning of
sulfur,”’ and (i) Co/Cu-based catalysts. Comparatively,
molybdenum sulfide based catalysts showed a high proportion
of HAS from syngas at lower pressure and high temperature
compared with other catalytic systems.""

Nonpromoted MoS, catalysts exhibit hydrocarbon selectiv-
ity in syngas conversion to organic products.'” However, as
Dow Chemical first revealed'® and Union Carbide showed,"*
high selectivity to HAS can be achieved when MoS, is
promoted with alkali metal. To synthesize alcohols, MoS, must
be doped with alkali. With alkali/MoS, catalysts, primarily
linear primary alcohols are produced, while short hydro-
carbons, particularly methane, are the dominant byproducts.
Alkali metals impede hydrogenation, promote the active sites
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responsible for alcohol synthesis,">~'” as well as increase the

length of the MoS, slab and the stacking degree.'®'” To shift
the product distribution toward higher alcohols, group VIII
promoters such as Co, Ni, Fe, and Rh are frequently added to
the catalyst.”*™* These promoters work as electron density
acceptors on the S-edge of the MoS,-crystallites, which
deactivate the sulfur-edge and decrease the adsorption of
hydride hydrogen, also leading to increase selectivity toward
alcohols at the cost of hydrocarbon selectivity.'> Previously,
the reaction network of alcohol formation on KCoMoS,
catalysts has been investigated."

Catalysts supported on carbon materials have higher activity
than those based on metal oxides (Al,O5, SiO,, MgO, ZrO,),
according to several researches.”* *° The majority of these
studies interpret the activity of carbon materials as a result of
the weak interaction between the carbon and the KCoMoS
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active phase, as well as the low acidity compared to metal
oxides, which has a positive effect on the selectivity toward
alcohols. TMS-based catalysts with high activity and selectivity
can be synthesized using a variety of supports that affect the
morphology, electron properties, and dispersion of the formed
active phase.”” In the fine chemical industry, activated carbons
(ACs) are broadly used as a catalyst support due to their
specific properties, such as high stability at high reaction
pressures and temperatures,”” *° larger surface area and
porosity, resistance to acidic and basic conditions, and minimal
interaction between the support material and active phase.”"*>
In addition, because of the delocalized 7 electronics, electronic
conductivity is an important property of AC.” Being
microporous (<2 nm), normal activated carbons cause pore
plugging due to the formation of coke and deactivation of the
sulfided catalyst, which result in transport limitation in the
catalytic reaction.”” Internal diffusion issues can be avoided by
using mesoporous supports with pore diameters ranging from
2 to 50 nm. The majority of HAS research has been conducted
using microporous AC supported catalysts with significantly
smaller surface areas (350—820 m’/g) than commercially
available activated carbons (950 m?/g and higher), and the
long-term activity of these supported catalysts does not meet
commercial levels. Depending on the support’s textural
properties, such as pore volume, surface area, and average
pore diameter, the extent of adsorption, morphology,
reduction, and selectivity properties of the active phase can
be significantly influenced.”® Surisetty et al.*® investigated the
role of microporous and mesoporous activated carbons in the
production of alcohols from syngas using trimetallic TMS
catalysts and discovered that mesoporous AC has a higher
activity than microporous AC. Rather than surface area or pore
volume, they believe that CO conversion and alcohol yield are
related to the textural properties of the support, such as pore
size and microporosity. The researchers found that there is less
dispersion on mesoporous MWCNTSs than on microporous
ACs.

Herein, we studied the effect of two types of novel
commercial activated carbons for HAS from synthesis gas
over a K-modified KCoMS, catalyst; besides, the catalytic
activity was compared with recent supports that have
commercial levels.

2. MATERIALS AND METHODS

2.1. Preparation of Supports and Catalysts. 2.1.1. Prep-
aration of the Commercial Activated Carbons. Activated
carbon DAC (commercial trademark JJACAC) was obtained
from anthracite (hard coal) by the preparation of dough,
granulation, carbonization, and gas—vapor activation. Activated
carbon OBC-1 (commercial trade mark YYT[C-1C-1) was
manufactured based on carbonaceous composition prepared
from gas—vapor activation at 850—900 °C. Fabric active
sorption (TCA) is an elastic sorbent obtained by heat
treatment of a technical fabric, which has been previously
impregnated with chemical compounds. It was formed as
canvases with the following dimensions: length 20 m, width
0.55 m, and thickness 0.6 mm. The nonwoven activated
material (AHM) was produced by the heat treatment of a
nonwoven needle-punched material based on viscose fibers
and Milton fibers. The parameters of the active layer are an
aerodynamic resistance of 10 Pa, surface density of 120 g/m?,
and thickness of 1.0—3.5 mm.”’

2.1.2. Preparation of Supported KCoMoS, Catalysts. The
catalysts were synthesized by the incipient wetness impregna-
tion of the support. Active phase precursors such as cobalt
acetate, ammonium heptamolybdate tetrahydrate, and potas-
sium hydroxide were used. The prepared active phase was
dried under air condition at 80 °C for 2 h and at 100 °C for §
h. Finally, prepared samples were sulfidized in an autoclave
using crystalized sulfur (1: 4, catalyst/sulfur, respectively) at
370 °C under H, at 6.0 MPa for 1 h. The composition of the
tested catalysts is presented in Table 1. The wt % of K, Co,
Mo, and support was controlled as 10, 3.7, 12, and 74.3%,
respectively.

Table 1. Elemental Compositions of Supported Catalysts

targeted composition measured composition

(wt % (wt %)
catalyst K Mo Co K Mo Co
KCoMoS,-DAC 10 12 3.7 8.5 11.9 3.7
KCoMoS,-OBC-1 10 12 3.7 8.4 15.8 3.9
KCoMoS,-TCA 10 12 3.7 11.3 13.9 4.2
KCoMoS,-AHM 10 12 3.7 11.1 15.1 4.6

2.2. Characterization of Carriers and Catalysts. The
Quantachrome Nova 1200e at 77 K and N, adsorption and
desorption isotherms were used to study support and catalyst
textural characteristics. The test was performed with 0.1 g of
each sample and calibrated sample cells. Before degassing,
sulfided samples were kept under hydrogen flow for 3 h. The
sulfide samples were degassed at 250 °C for 4 h at 10™* mm
Hg. The specific surface area was determined using the BET
equation. The total pore volume was investigated at a relative
pressure P/PO = 0.99. The mesopore size distribution was
calculated from the desorption branch of the isotherm using
the Barrett, Joyner, and Halenda (BJH) method.”® According
to the BJH method, the mesopore volume was calculated as
the cumulative pore volume during desorption (considering
the adsorption film thickness on the mesopore surface). To
determine the micropore volume in the samples, the t-plot
method was used®® and the mesopore volumes and total pore
were compared. Volume and pore size values are summarized
in Table 1.

The elementary composition of the sulfided catalysts was
investigated using a Shimadzu EDX-7000 X-ray fluorescence
spectrometer. All samples were crushed before measurements.
The conditions of analysis were as follows: voltage: 15—50 kV,
tube current: 8—200 mA, and tube anode: Rh. The error of the
XRF method was found to be +1 wt %. The spectra were
processed using the method of fundamental parameters. The
target and measured elemental composition data are given in
Table 1.

The morphology of the surface for support and catalysts was
demonstrated using a scanning electron microscope (SEM).
The analytic measurements were optimized using a target-
oriented approach, with the samples mounted on a 25 mm
aluminum specimen stub and secured with a conductive
adhesive tape prior to measurements. The morphology of the
samples was studied under native conditions to rule out metal
coating surface effects. The Hitachi SU8000 field-emission
scanning electron microscope was used for the observations
(FE-SEM). Images were captured in secondary electron mode
at a voltage of 10 kV and a working distance of 8—10 mm.***’

https://doi.org/10.1021/acsomega.2c03082
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Table 2. Texture Properties of Supports and Sulfide Catalysts Supported on Powder Activated Carbons

sample Stotay M2/g Snicror M/ Sinesor” M2/g Vieway cm’/g Vinicrr €>/g Vs cm’/g average pore diameter (nm)
DAC 724 662 62 0.34 0.28 0.059 3.2
OBC-1 711 660 S1 0.32 0.27 0.046 3.8
KCoMoS,/DAC 250 243 7 0.11 0.10 0.005 3.3
KCoMoS,/OBC-1 178 142 35 0.09 0.06 0.033 3.2
asmeso = Stotal - smicro' meeso = ‘/total - Vmicro

Support SEM image of support SEM image of supported-KCoMoS,

name catalyst

DAC )5 &

V 9.3mm x10.0k SE(U) e ' I‘S éOu‘m :
OBC-1

m x10.0k SE(U)

L
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SU8000 20.0kV 9.2mm x10.0k SE(U) 5.00um

Figure 1. SEM images of powder activated carbon supports and supported KCoMoS, catalysts.

To determine the morphology of the catalysts, a trans-
mission electron microscope (TEM) was used with two
different LaB6 cathodes, one with a 200 kV accelerating
voltage and the other with a 300-kV one (FEI Company,
USA), to characterize the morphology of the catalysts.

The sulfided catalysts were analyzed by XPS using a Kratos
Axis Ultra DLD spectrometer with a monochromatic
AlK*source (h* = 1486.6 eV, 150 W). Individual spectral
regions were analyzed to determine the binding energy (BE) of
the peaks, identify the chemical state of the elements, and
calculate relative ratios of the elements on the catalyst surface.
The BE values referred to the positions of the Au 4f,/, peak at
83.96 eV and the Cu 2p;/, peak at 932.62 eV. To survey
photoelectron spectra, narrow spectral regions (Al 2p, S 2p,
Mo 3d, C 1s, O 1s, and Co 2p) were recorded. The collected
spectra were processed by a mixed Gaussian (30%)—
Lorentzian (70%) method with the use of the CasaXPS
software. Shirley background subtraction was applied to
calculate atomic concentrations. The decomposition of the S
2p and Mo 3d XPS spectra was performed using appropriate
oxide and sulfide references as supported monometallic
catalysts. "

2.3. HAS from Syngas over Supported KCoMoS,
Catalysts. The tubular flow reactor via the HAS system was
used to synthesize alcohols from syngas. Each catalyst was
weighed (3 g) with particle size of 0.2—0.5 mm under the

following conditions: volume ratio of syngas: H,/CO/Ar =
45:45:10%, P = 5.0 MPa, T = 300—360 °C, and weight space
velocity = 760 L h™' (kg cat)™'. The experiment was
performed during 16 h. The reactor temperature was increased
to 300 °C over 4 h. The temperature was increased by the ratio
20 °C/4 h. The gaseous products were analyzed every 4 h by
two TCD-GC 1 m columns packed with a CaA molecular sieve
and Porapak Q, and liquid products were analyzed by FID-GC,
25 m OV-101, and 25 m terephthalic acid/polyethylene glycol
columns. The CO(X) conversion was calculated as follows (eq

1):

n after reaction
_ 4 _ Mco
Xe(%) = 1 — 20— x 100

fco (1)

where X = syngas conversion and nitfeed gnd pifter reaction ;e

the CO content in feed and products (% mol).

The selectivity is calculated on a CO,-free basis approx-
imation because the CO, is formed by a water gas shift
reaction (H,O + CO), constantly affecting the selectivity of
final products. CO,-free selectivity was calculated by eq 2:

S.
§CO (00 = — L % 100
1= Sco, @)
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Cat

_AHM

Figure 2. SEM images of the fabric active sorption (TCA), nonwoven activated material (AHM), and their catalysts Cat-TCA and Cat-AHM at

high magnification (5 mm) and low magnifications (100 gm and 1 mm).

where Sico2 ™ free i CO, free selectivity to the i component, ; is
the selectivity to the i component, and Sco, is the CO,

selectivity.

3. RESULTS AND DISCUSSION

Table 2 shows the results for the surface area, total pore
volume, average pore diameter, micro- and mesopore surface
areas, and micro- and mesopore volumes of the stabilized
catalysts in sulfide form.

The powder commercial activated carbons DAC and OBC-1
showed a BET surface area of 724 and 711 m?/g and a total
pore volume of 0.34 and 0.32 cm®/g. Impregnating the AC
supports by the KCoMoS active phase decreased the surface
area to 250 and 178 m*/g and total pore volumes to 0.11 and
0.09 cm®/g. Furthermore, the average pore diameter of DAC
increased after being impregnated by the active phase from 3.1
to 3.3 nm, but it decreased from 3.78 to 3.2 nm in the case of
OBC-1. A decrease in BET surface area, pore volume, and pore
diameter of the catalysts when compared to pure supports
indicates that the added metal particles have blocked the pores.
Although both powdered activated carbon supports have
almost the same porous characteristics, the KCoMoS active
phase took different places. In the case of Cat-DAC, the metal

species fell on the mesopores, which led to the formation of a
microporous catalyst with a smaller mesopore surface area (7
m?/g) compared with Cat-OBC-1 (35 m*/g).

The surface morphologies that are characterized by SEM of
powder commercial activated carbon supports of DAC, OBC-
1, and the catalysts Cat-DAC and Cat-OBC-1 are presented in
Figure 1, whereas the SEM images of fabric active sorption
(TCA), nonwoven activated material (AHM), and their
catalysts Cat-TCA and Cat-AHM are shown in Figure 2.

Figure 1 illustrates the surface morphology of the powder
activated carbon (DAC and OBC-1) before and after
impregnation by the KCoMoS active phase. As seen in Figure
1, before the impregnation, the surface morphology of powder
activated carbons has uneven cavities and fine open pores. An
irregular structure and developed pores can be seen after
impregnation by the KCoMoS active phase, which has a
smoother surface of activated carbon. The development of
pores can be due to the effect of the KCoMoS active phase that
has filled the pores. Also, more holes and pits are noted.

From the SEM images shown in Figure 2, it can be observed
that the fabric active sorption and nonwoven activated material
ACs present a filamentous morphology with a strip axial
arrangement and that a few longitudinal grooves and many

https://doi.org/10.1021/acsomega.2c03082
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irregular particles are distributed on the fiber surfaces.
Otherwise, the degree of entanglement of the strip axial
arrangement in AHM was found to be more than that in TCA.
The SEM images of the catalysts reveal that the surface of fiber
activated carbon is smoother after impregnation by the
KCoMoS active phase. Some axial wedge fractures are also
observed, but the longitudinal texture and porosity of fiber ACs
are still retained.

The energy dispersive X-ray (EDX) spectrum of supported
KCoMoS, catalysts is depicted in Supporting Information
Figure S1, and the distribution maps of powder and fiber
activated carbons are depicted in Figures S2 and S3. The EDS
analysis reveals that the composite consists primarily of the
KCoMoS active phase, carbon, and oxygen. According to the
results, Cat-DAC has also been found to include trace elements
such as Si, Fe, Ni, Cr, and P, which can be attributed to the
commercial activated carbon support. There are strong signals
around 2.5 keV attributed to the Mo and S
distribution, which are similar to the EDX study results of
MoS, catalysts in ref 42. Although there are small differences
between the targeted percentage of elements and the detected
percentage by EDX, this technique is not useful for
quantitative analysis because the complete spectrum is
obtained very quickly and the spectrum contains both
semiqualitative and semiquantitative information.”** That is
why we have adopted the elementary composition results that
are obtained from XRF as real and more accurate results
(Table 1). The EDX maps of sulfide catalysts supported on
powder activated carbon at 2.5 ym are presented in Figure S2.

Cat-DAC and Cat-OBClI catalysts show slight differences in
the EDX maps shown in Figure S2. The distribution maps of S,
Co, Mo, and K obtained on the surface of the KCoMoS,
catalyst coincide completely, indicating that the elements form
a unified phase.

The agglomeration of KCoMoS active phase elements in
fiber activated carbons (Figure 2 and Figure S3) was found to
be more than that of powder activated carbons (Figure 1 and
Figure S2). Representative TEM micrographs of the supported
KCoMoS, catalysts are shown in Figure 3.

elemental

Cat-DAC Cat-OBC-1

e e

N \\2\ .\‘
_/ o 100m
Cat-TCA 50 om

Figure 3. TEM images of the supported KCoMoS, catalysts.

21350

The MoS, slabs appear clearly as threadlike fringes in
multilayer particles of the KCoMoS active phase with different
stacking degrees. The differences between the -catalysts’
understudy can be attributed to the interaction between the
KCoMoS active phase and activated carbons.**® Moreover,
the MoS, crystallites formed a filamentous morphology on the
surface of fiber activated carbons (TCA and AHM). The
surface of AHM is more tangled compared with that of TCA,
thus leading to the formation of tangled MoS, slabs on AHM
and long linear slabs on TCA with long rim sites. It is notable
that increasing the stacking degree leads to an increase in
vacancies and corner sites in the active 6phase, which decreases
the adsorption of hydride hydrogen,**” whereas increasing
the rim sites of MoS, slabs promotes the hydrogenation
reaction. "’

Chemical species present on the surface of the KCoMoS,
supported catalysts were evaluated by XPS. Figure 4 shows

xlO2
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Figure 4. XPS Mo 3d spectra for the sulfided KCoMoS,/OBC-1
catalyst.

typical XPS spectra for the Mo 3d region. The Mo 3d spectra
contain two Mo 3d doublets. The Mo 3ds,, and 3d;,, doublet
with BE at 228.7 and 232.0 eV, respectively, corresponds to the
Mo*" in the MoS, phase species.*’ The doublet with BE equal
to 232.8 and 235.9 eV belongs to the Mo®* oxide species. The
peak at BE of 226.0 eV is assigned to S 2s.

For all catalysts, the contributions of K 2p;/, and S 2p;,, at
the ranges of 292.5—293.0 and 162.0 eV, respectively, were
also detected and corresponded to K* and S,— states.’”>" In
the sulfur spectra, there was also a contribution of SO,*~
observed that is ordinary for K-doped TMS catalysts. The
sulfidation degree of the metal (Table 3) was equal for all the
samples; relative concentrations of MoS, and CoS, (CoMoS)
were in the range of 50—55 and 30—35 rel %.

Table 3. Sulfidation Degree of Mo and Co at the Catalyst
Surface from XPS

sulfidation degree
of metal (%)

sample Mo Co S/(Mo + K + Co) at ratio
KCoMoS,/DAC 54 32 1.3
KCoMoS,/OBC-1 52 30 0.9
KCoMoS,/TCA 56 31 1.0
KCoMoS,/AHM SS 35 1.5

https://doi.org/10.1021/acsomega.2c03082
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Figure 5. The HAS results of supported KCoMoS, catalysts. (a) CO conversion, (b) total liquid yield, and (c) yield ratio between alcohols and
hydrocarbons. The conditions are T = 300—360 °C, P = § MPa, GHSV = 760 L h™* (kg cat)™!, and H,/CO = 1.0.

The catalytic performance of supported KCoMoS, catalysts
at 300, 320, 340, and 360 °C is presented on Figure S and
Table S1 in the Supporting Information.

The main reasons for syngas conversion results can be
attributed to the clear differences in the surface morphologies
of the supports and catalysts and the degree of interaction
between the support and active phase. Obtained results in
Figure Sa reveal that a positive correlation between CO
conversion and temperatures of the catalysts under study has
been observed. The CO conversation increases in the order
Cat-TCA < Cat-OBC-1 < Cat-DAC < Cat-AHM. Claure et
al™ and Niannian et al.*” concluded that Mo$, catalysts with
short MoS, layers had a higher selectivity for syngas conversion
and HAS. Based on these reports, we believed that these short
and thin layers for the Cat-AHM catalyst could increase the
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ratios of the basal, corner, and surface sides of the catalyst,
which produces more active sites and then improves the
catalytic activities, particularly HAS. In contrast, the lowest
catalytic activities of Cat-TCA can be attributed to the long
linear slabs that have formed on the strip axial arrangement
surface of TCA commercial activated carbon. In our previous
work,”*7>* we found an unusual correlation between catalytic
performances of supported-KCoMoS, and the micro- and
mesopore structure of the catalyst support. It was found that
catalysts supported on microporous materials possessed a
higher catalytic activity in HAS synthesis from syngas than
those supported on mesoporous materials. The -catalytic
performance results in Figure Sa—c of powder activated
carbons (Cat-DAC and Cat-OBC-1) corroborate the validity
of this unusual finding because the microporous Cat-DAC with
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Table 4. Comparison of Support Nature, Reaction Conditions, and Catalytic Properties in HAS from Synthesis Based on
KCoMoS, Catalysts Taken from the Literature with the Current Study

reaction conditions

active phase preparation method P (MPa)

type of support

unsupported KCoMoS hydrothermal synthesis 6.0
unsupported coprecipitation

unsupported reverse microemulsion

Al,O4 wetness impregnation 5.0
ALO,/C (~1%) 5.0
MWCNT 8.3
AC-Darco” 827
AC-RX3 extra”

AC-CGP super”

Current Cat-DAC S.0

Current Cat-OBC-1
Current Cat-TCA
Current Cat-AHM

T (°C) GHSV (h™') H,/CO CO (%) total liquid selectivity (%)  ref
340 2000 2 29 30 46
35 35
39 60
340 760 1 23 48 57
340 760 1 19.2 65 27
320 1200 1 25 40 58
330 1200 2 35.6 24.8 36
39.6 25.8
44.5 27.5
360 760 1 45.3 55.3
39.3 54
36.36 48.7
48.5 63.4

“AC-Darco is an activated carbon purchased from Aldrich, Canada. YAC-RX3 is a commercial AC obtained from Norit, USA. “AC-CGP Super is a

commercial AC obtained from Norit, USA.

Table S. The Yield of Hydrocarbons, Carbon Dioxide, and Each Alcohol

T Cl1 CO, C2 C3 C4 MeOH EtOH PrOH-1 BuOH-1 i-BuOH AmOH-1 i-AmOH
°c) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Cat-DAC
300 1.5 4.4 1.6 2.0 1.3 4.0 10.6 5.9 1.8 13 0.5 0.6
320 0.7 4.5 1.1 2.4 0.4 4.6 12.0 6.7 2.0 1.5 0.6 0.7
340 13 7.2 1.3 0.8 0.9 4.3 11.2 6.2 1.9 14 0.5 0.7
360 2.4 11.9 2.0 1.0 0.3 4.1 10.7 6.0 1.8 1.4 0.5 0.7
Cat-OBC-1
300 0.1 4.5 1.1 22 0.6 5.9 9.1 5.8 1.6 2.3 0.4 0.8
320 0.5 4.9 12 3.1 1.6 4.7 7.2 4.6 1.3 1.8 0.3 0.6
340 0.1 5.3 0.2 3.2 0.3 6.6 10.1 6.4 1.8 2.6 0.5 0.8
360 1.9 8.4 1.3 0.9 1.7 5.7 8.8 5.6 1.5 22 0.4 0.7
Cat-TCA
300 1.0 54 1.5 0.4 0.4 2.3 5.2 22 0.7 0.6 0.2 0.4
320 1.6 6.6 1.4 0.3 0.3 2.7 6.2 2.6 0.9 0.7 0.2 0.4
340 2.3 8.6 1.9 0.8 0.4 3.1 7.1 3.0 1.0 0.8 0.3 0.5
360 3.7 12.0 0.4 1.8 1.0 3.5 8.0 3.4 1.1 0.9 0.3 0.6
Cat-AHM
300 0.0 32 0.3 0.0 0.0 49 11.9 7.3 2.1 2.1 0.5 1.0
320 0.4 3.0 0.8 0.4 0.0 4.0 9.0 5.0 2.0 2.0 0.0 0.1
340 1.7 5.6 1.0 0.6 1.1 3.0 9.1 1.3 0.4 0.4 0.1 0.2
360 0.8 5.7 0.9 0.3 0.3 2.9 8.1 4.3 12 12 0.3 0.6

smaller mesopores was found to be more active than Cat-
OBC-1 with higher mesopores (see Table 2 and Figure S).
Surisetty et al.*® have reported that the dispersion of KCoMo$S
on mesoporous MWCNT is lower than that on microporous
AC. Enlightened by such a report, we deemed that the lower
catalytic performances of Cat-OBC-1 compared with Cat-
DAC-1 can be attributed to the agglomeration of the active
phase; OBC-1 formed a higher agglomerate compared with
DAC (see Figure 1 and Figure S2), thus increasing the rim
sides and coupling the important sides of HAS (basal, corner,
and surface sides).”> >’ Figure Sb revealed that there is no
clear correlation between temperature and total liquid yield.
Moreover, the KCoMoS, catalysts supported powder ACs
(Cat-DAC and Cat-OBC-1) yielded more total liquids than
fiber ACs (Cat-TCA and Cat-AHM). The highest TLY% was
observed for Cat-AHM at 300 °C. From Figure Sc, the highest
Yarco/tcs Was achieved at 340 °C for powder ACs, whereas it
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was at 300 °C for fiber AC supported catalysts. It can be seen
that the Yy ,/uc, displayed the descending order of Cat-AHM
> Cat-DAC > OBC-1 > Cat-TCA. The current results were
compared with several studies of HAS from syngas over
supported and unsupported CoMoS, catalysts (see Table 4).
In addition, the catalyst was not deactivated at the end of the
reaction, indicating that it is stable and repeatable.

The obtained results indicate that the current novel
commercial activated carbons are a promising support for
the field of HAS because the KCoMoS, catalysts supported on
novel commercial activated carbons (DAC, OBC-1, TCA,
AHM) show the best CO conversion and TLY% at the
optimum conditions compared with published studies on the
same field (see Table 4), except for the results of unsupported
KCoMoS, prepared by the reverse microemulsion method."’
However, this method is considered expensive compared with
the used wetness impregnation method, which is considered to
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Figure 6. Product selectivity of supported catalysts toward (a) light hydrocarbons (C1—C4) and (b) methanol, ethanol, propanol-1, amyl alcohol,
butanol-1, isobutanol, and isoamyl alcohol. Reaction condition: H,/CO = 1.0, GHSV = 760 L h™"' (kg cat)™!, T = 340 °C, and P = 5 MPa.

be of high feasibility, and it was used in many methods of
preparing catalysts in the field of the petrochemical industry
and treatment of petroleum products. The gaseous and alcohol
product yields of syngas conversion are presented in Table S.

The nature of the carriers used in the higher alcohol
synthesis has a bearing on the extent of alcohol product
distribution. Furthermore, the morphology and structure of the
support would directly affect its porosity and the ease of
modifying its surface characteristics by functionalization.’” As a
result, the ability of the supports to disperse active metal
species on the support can be influenced by their interaction
with the KCoMoS active phase. It is quite obvious that the
products generated by DAC, OBC-1, TCA, and AHM-
supported KCoMoS, catalysts investigated consisted mostly
of light hydrocarbons (C1—C4), linear alcohols with carbon
numbers in the range of C1 to CS5, a small amount of iso-
alcohol, and carbon dioxide that is produced from the reaction
between CO and vapor water. As can be seen, the yield of
hydrocarbons and CO, showed a positive correlation with the
temperature, whereas the yield of each alcohol did not appear
to have any correlation with the temperature. The highest yield
for methane and carbon dioxide recorded over Cat-TCA,
whereas Cat-DAC showed the highest yield of ethane, and for
propane and butane Cat-OBC-1 showed the best yield.
Moreover, the total yield of hydrocarbons at 360 °C followed
the trend Cat-TCA (6.9%) > Cat-OBC-1 (5.9%) > Cat-DAC
(5.6%) > Cat-AHM (2.3%). Ethanol, propanol-1, and
methanol were the most predominant alcohol products in
the final liquid products, with the byproducts comprising

mainly of butanol-1, isobutanol, amyl alcohol, and isoamyl
alcohol. Propanol-2 and butanol-2 were not synthesized over
supported CoMoS, catalysts at all reaction conditions. These
results are considered different compared with previous studies
that have used activated carbons as support for HAS form
syngas over K-modified CoMoS, catalysts.”*****>* The order
of catalysts for synthesizing each alcohol is as follows: for
ethanol, propanol-1, and butanol-1: Cat-DAC > Cat-AHM >
Cat-OBC-1 > Cat-TCA; for methanol: Cat-OBC-1 > Cat-
DAC > Cat-AHM > Cat-TCA; for amyl alcohol-1: Cat-DAC >
Cat-OBC-1 > Cat-AHM > Cat-TCA; and for isobutanol and
isoamyl alcohol: OBC-1 > TCA > DAC > AHM. The
selectivity toward light hydrocarbons and alcohols is presented
in Figure 6.

In the current investigation, the role of the support on
product selectivity was studied. The selectivity for C;, and C,,
was found to be higher than that for C;, and C,, for all
catalysts, except for the highest selectivity of Cat-OBC-1
toward Cs,, these results attributed to the mesoporosity of
Cat-OBC-1, which occurs more acid sites with the part-cover
of MoS, crystallite edges, besides the active phase agglomer-
ation, which suggests a somewhat higher hydrogenation ability
with more isomerization. The powdered activated carbon
supported catalysts (Cat-DAC and Cat-OBC-1) show a higher
selectivity than fiber activated carbons (Cat-TCA and Cat-
AHM) toward C;,, C,,, propanol-1, butanol-1, isobutanol, and
amyl alcohol-1. In contrast, the highest selectivity for ethanol
appears over Cat-AHM, which might be attributed to the
higher stacking number of the MoS, crystallite as a result of the
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tangled surface morphology of AHM, which led to the
formation of considerable amounts of vacancies and corner
sites that support higher alcohol selectivity in general and
ethanol in particular. For powdered activated carbons, the
catalyst that contains the highest micropores (Cat-DAC)
produced a considerable amount of linear alcohols compared
with Cat-OBC-1. Microporous catalysts inhibit isomerization
due to steric constraints. The latter finding is consistent with
our previous results in refs 52—54. This interpretation did not
apply to the methanol synthesis over Cat-OBC-1 because it
possessed a more mesoporous structure. We presumed that the
difference in the porosity of the catalysts did not affect the
methanol synthesis due to the small size of CH;" and its stereo
structure, so it could be easily adsorbed compared with other
linear alcohols.

4. CONCLUSIONS

In summary, the role of powder ACs with different textural
characteristics (Cat-DAC and Cat-OBC-1) and fiber ACs
(TCA and AHM) as supports for HAS from syngas over K-
modified CoMoS, catalysts was studied. The -catalytic
performances of powder activated carbons corroborate the
validity of the unusual correlation between porosity and
catalytic activity because the microporous Cat-DAC with
smaller mesopores was found to be more active than Cat-
OBC-1 that possesses higher mesopores. For powdered
activated carbons, the catalyst that contains the highest
micropores (Cat-DAC) produced a considerable amount of
linear alcohols compared with Cat-OBC-1.

The short and thin layers of the Cat-AHM catalyst increased
the corner, basal, and surface sides of the catalyst, which forms
more active MoS, crystallites and then increases the catalytic
activities, particularly HAS. In contrast, the lowest catalytic
activities of Cat-TCA can be attributed to the long linear slabs
that form on the strip axial arrangement surface of the TCA
commercial activated carbon.
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