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INTRODUCTION
Relevance of the research topic

Conversion of biomass- or coal-based syngas to higher alcohols by using the
carbon monoxide hydrogenation process is estimated as one of the alternative routes to
produce fuels and fuel additives. HA are employed as octane performance enhancers or
directly as liquid fuel for internal combustion engines (ICE) ™ and have the possibility
to substitute other hazardous compounds used as octane number improvers in ICE
fuel. In this sense, the utilization of these alcohols as components of alternative fuel
systems or alternative fuels directly addresses greenhouse gas emissions, toxicity, and
other global climate challenges. Catalytic systems for the higher alcohols synthesis
commonly rely on molybdenum disulfide because of its high activity and high sulfur
tolerance for the water-gas shift reaction (WGS). ¥*! Other catalytic systems are prone
to sulfur poisoning, which is a major issue when employing sulfur-rich syngas from
biomass or coal. In addition to being resistant to sulfur poisoning, *! the MoS,-based
catalytic system may produce large amounts of C, - Cs. alcohols when modified by

alkali metals and promoted by group V111 metals (Co, Ni, Fe, Rh). ®

Promoted and modified MoS, catalysts supported on carbon materials have
higher catalytic activity than those based on metal oxides (Al,Os, SiO,, MgO, ZrO,)
according to several publications. ®™! Amajority of these studies interpret the activity
of carbon materials as a result of weak interaction between carbon and the K-CoMoS
active phase, as well as of low acidity compared to metal oxides, which has a positive
effect on the selectivity towards alcohols. In literature, higher alcohols are alcohols that

have more than two carbon atoms.™!

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 fine chemical industry, activated carbons (AC)
are broadly used as a catalyst support due to their specific properties, such as high

stability at high reaction pressures and temperatures, ™**! a larger surface area and
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porosity, resistance to acidic and basic conditions, and minimal interaction between the
support material and active phase. ™" In addition, because of the delocalized =

(81 Normal

electronics, electronic conductivity is an important property of AC.
activated carbons, being microporous (<2nm), cause pore plugging due to the formation
of coke and deactivation of the sulfided catalyst, which results in the transport limitation
during the catalytic reaction. ¥ Internal diffusion issues can be avoided by using
mesoporous supports with pore diameters ranging from 2-50 nm. A 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 long-term activity of these supported
catalysts does not meet commercial levels. The support's textural properties, such as
pore volume, surface area, and average pore diameter, can significant influence the
extent of adsorption, morphology, reduction and selectivity properties of the active

phase. 2

Degree of development of the research topic

Several catalytic systems for the higher alcohols synthesis (HAS) from syngas
are known, from which the most promising are those based on MoS, promoted by
cobalt or nickel and modified with alkali metals. 2% Syngas conversion on
unpromoted MoS, yields mainly hydrocarbons, whereas MoS, modified with potassium
and heavier alkali metals give mainly alcohols. The second transition metal deactivates
the sulfur-edge but promotes activity of the M-edge resulting in the increased selectivity
towards alcohols. ! Modification with alkali metals causes a decrease in the number of
MoS, slabs, which in turn leads to an increase in the catalyst affinity for sulfur and a

decrease in Lewis acidity, preventing hydrogenation and hydrodeoxygenation.

The most important properties of active carbons (AC) as catalyst supports
compared to oxide supports (Al,Os, SiO,, TiO,...etc.) are facile recovery of the active
metal by combustion of the carbon support, neutral nature (no strong acidic or basic
sites), and cost efficiency. ' Several studies examined the effect of textural

characteristics of supports on the active phase of K-modified CoMoS and on catalytic
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performance in HAS. Some of these studies experimented with microporous materials
such as metal oxides and multi-walled carbon nanotubes (MWCNT), while others

utilized microporous activated carbons. !
Overall goal
. General Objectives

» To study the influence of textural characteristics of supports and
catalysts on catalytic performance of supported-K-CoMoS, catalysts
for higher alcohol synthesis from synthesis gas.

> To integrate beneficial characteristics of Al,O; and carbon by using
carbon coated alumina (prepared by pyrolysis) as a support for higher
alcohol synthesis from synthesis gas over K-modified CoMoS,
catalysts.

» To develop the catalytic activity of K-modified CoMoS,/Al,O; by
coating alumina using graphene nanosheets for higher alcohol
synthesis.

» To enhance selectivity of higher alcohols over K-modified CoMoS,
catalysts by using several types of novel powder and fiber commercial
activated carbons supports prepared from natural sources.

> To study effects of distribution of the active phase inside of support
pores, catalysts acidity, as well as of the particles size and length of
catalysts on catalytic activity of K-modified CoMoS, catalysts for

higher alcohol synthesis from synthesis gas.
* Specific objectives

» To coat y-Al,0O3 by carbon and graphene nanosheets with a thickness of
5-7 nm with a view to integrate the beneficial properties of Al,O; and
carbon in one support (CCA).

» To characterize the supported K-CoMoS, catalysts using N, adsorption

and desorption isotherms, X-ray fluorescence technique, field-emission
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scanning electron microscopy (FE-SEM), energy dispersive X-ray
technique (EDX), transmission electron microscopy technique (TEM),
and X-ray Photoelectron Spectroscopy (XPS)

» To study catalytic activity of supported sulfided catalysts in higher
alcohols synthesis from synthesis gas using a fixed-bed flow reactor
catalytic system under optimum conditions.

» To compare the obtained results aiming at raising the selectivity of
higher alcohols to be used in internal combustion engines as a fuel or as

octane number improvers.
Scientific novelty

The beneficial characteristics of Al,O; and carbon (mesoporous carbon
prepared by pyrolysis and graphene) have been integrated. Carbon mesoporous
materials were used as a support for HAS from syngas over K-CoMoS, catalysts. The
first use of nanostructured graphene-coated alumina as a support for K-CoMoS,
catalysts to produce higher alcohols from syngas has been reported. The effect of
different carbon-containing materials, used as supports for transition metal sulfide
(TMS) based catalysts, on catalytic properties for synthesis gas conversion to alcohols

has been studied.

The most essential finding of this study is an unusual correlation between
catalytic activity and the micro- and mesopore structure of the catalyst support. It was
found that catalysts supported on microporous materials possessed higher catalytic
activity in HAS synthesis from syngas than those supported on mesoporous materials.
We explained this phenomenon by the combined effect of catalyst acidity and
distribution of the active phase inside the pores. Catalysts containing large agglomerates
of the MoS,-based active phase supported on less acidic materials exhibit higher activity
than catalysts supported on more acidic mesopore structured materials due to the

differences in active phase-support interactions.
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In order to increase the selectivity of higher alcohols synthesis from syngas
over K-modified CoMoS, catalysts, the role of novel powder and fiber ACs as supports
for HAS from syngas over K-modified CoMoS, catalysts has been studied. Fiber ACs
have shown a filamentous morphology with a strip axial arrangement and a few
longitudinal grooves with many irregular particles distributed on the fiber surfaces, thus

leading to tangled MoS, slabs with the highest CO conversion and alcohols yield.
Theoretical and practical significance

This work makes a certain contribution to both applied and basic research
aimed at creating suitable supported K-CoMoS, catalytic systems that are stable and
selective for production of higher alcohols from syngas. A detailed analysis of the
obtained experimental data showed the rationality of integrating the beneficial
characteristics of alumina and graphene and using the synthesized graphene coated
alumina as a support for HAS from syngas over K-CoMoS, catalysts. The established
correlations between textural characteristics and catalytic performance can be utilized
for furthering research focused on the improvement of catalysts for HAS systems. The
results obtained for catalytic activity confirm the promise of using such systems in large
scale processes. The work was carried out in accordance with the work plan of the
Department of Physical and Colloidal Chemistry, RUDN, in cooperation with the
Laboratory for Catalysis by Transition Metal Sulfide Catalysts at the Zelinsky Institute
of Organic Chemistry of RAS.

Methodology and research methods

Studies on catalytic activity of supported sulfided catalysts in the higher
alcohols synthesis from synthesis gas were carried out on a fixed-bed flow reactor. The
gaseous products were analyzed using a LHM-80 GC with a Thermal Conductivity
Detector (TCD) and two one-meter packed columns (molecular sieves CaA (Ar, CH4,
CO) and Porapak Q (CO,, C,,)); the liquid products were analyzed using a Crystal-
2000M GC with a flame ionization detector (FID) and a 50 m HP-FFAP capillary
column. Quantachrome Nova 1200e at 77 K and N, adsorption and desorption
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isotherms techniques were used to study the support and catalyst textural characteristics.
The analytical method of UV spectrometry of pyridine adsorption was used to
determine the acid-base properties of the supports and sulfided catalysts. A Shimadzu
EDX-7000 X-ray fluorescence spectrometer was used to analyze the elementary
composition of the sulfided catalysts. A scanning electron microscope (SEM) was used
to demonstrate the surface morphology of the supports and sulfided catalysts. A
transmission electron microscope (TEM) was used with two different LaB6 cathodes,
one with an accelerating voltage of 200 kV and the other of 300-kV (FEI Company,
USA) to characterize the morphology of the sulfided catalysts. X-ray photoelectron
spectroscopy (XPS) was employed to evaluate the chemical species present on the

surface of the K-CoMoS,; supported catalysts.
Summarized statements of the thesis for the defense

e Results of the catalytic tests of supported K-modified CoMoS, catalysts in
relation to higher alcohols synthesis from syngas; investigation of the
influence of different types of carbon containing materials on catalytic
performance.

e Results of improving K-modified CoMoS,/Al,O; catalytic activity by coating
alumina with carbon and graphene nanosheets in the higher alcohol synthesis
from syngas.

e Results of the catalytic performance of the K-modified CoMoS, catalyst
supported on novel fiber and powder activated carbons in the higher alcohols
synthesis from syngas.

e Evolution of the effect of textural characteristics of supports and sulfided

catalysts’ on the catalytic performances.
Reliability

The accuracy and reliability of the results are guaranteed by the use of
modern analytical methods and state-of-the-art instruments available with the Peoples'

Friendship University of Russia and Zelinsky Institute of Organic Chemistry of the
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Russian Academy of Sciences. Also, the reproducibility of the results and their
uniformity with each other, as well as with the literature reviews ensure the reliability of

the results.
Author's personal contribution

The author actively participated in writing of the research proposal and
planning of the experiments, particularly in the collection and analysis of the
appropriate literature on the research topic. The author independently conducted all
catalytic tests, analyzed the reaction products by GC methods, took active part in the
discussion of the obtained results, such as physicochemical and catalytic characteristics
of the samples, and in their presentation and interpretation. The author prepared the
thesis, contributed at most to the publications, and presented the abstracts at the

international conferences.
Approbation of the work

The obtained results of the current study within the framework of the
dissertation research were presented and discussed at a few international scientific
conferences: 6th International Conference on Chemical Materials and Process (ICCMP
2020), Warsaw, Poland, July 2-4, 2020, (online); 1st International Electronic
Conference on Catalysis Sciences, MDPI, USA, November 10-30, 2020, (online); 7th
Edition of International Conference on Catalysis, Chemical Engineering and
Technology-2021 (CCT 2021), Tokyo, May 17 — 18, 2021, (online); Catalysis for a
Sustainable World Conference, RUDN, December 22-24, 2020; 11th Edition of the
International Conference on Catalysis, Chemical Engineering and Technology, Japan,
May 16-17, 2022, (online). 12th Russian Conference (with international participation):
Actual Problems of Petrochemistry, Moscow, Russia, 2021. The Sixth International
Scientific Conference “Advances in Synthesis and Complexing”. RUDN University,
September 26-30, 2022.
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Completeness of the materials presentation

Based on the research results within the structure and scope of the
dissertation, 15 printed works were published, including 4 in the journals indexed in the
Scopus and WoS databases, and 11 abstracts in the collections of international scientific

conferences, three of which are indexed in the RSCI.
Structure and scope of the dissertation

The thesis consists of the table of contents, lists of tables (17), figures (57)
and abbreviations, the introduction, literature review, materials and methods, results and
discussion, conclusion, recommendations, research outcomes, and references. The
dissertation material is presented on 138 pages. The list of literary sources includes 165

references.
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1. LITERATURE REVIEW
1.1. Background

For the last decades, the demand for renewable energy has been increasing
intensively due to the crude-oil squeeze and the alert of global warming. Between
the alternatives for fossil fuels to generate heat, biomass is considered as an
abundant neutral carbon source, of which its conversion to heat does not bar the
balance of the atmosphere’s air contents. Energy sources, security, and alternative
energy are considered as the most important obstacles confronting humanity as
population numbers increase. In addition, it is necessary to reduce injurious
environmental impacts related to the energy generation to help save our planet.*
The need for energy has dramatically risen and it is rapidly increasing. Air
emission in 2008 was evaluated as 150 x 1012 W with 87% from combustion and
burning of fossil fuels (radioactive elements, natural gas, crude oil, or coal).”” The
manufacturing sector (mining, construction, agriculture, and industrialization)
accounts for about 38 % of energy consumption.”®® The transportation section is
the second-largest consumer, (about 21% of total energy consumption). Petro-

fuels are considered the main source of transportation fuels.™!

It was expected that
global energy consumption will rise by 55% from 1998 to 2020, which is almost
20% of the overall energy consumed.*” The energy resources which can be
replaced without harming the environment and are not depleted when used are
known as renewable energy which is produced from natural resources such as
biomass, tides, wind, sunlight, etc.** Recently, renewable energy resources have
become one of the most important alternatives that reduce the exhausting of fossil
energy reserves. Since the last century, a 14% of energy in the world is produced
from alternative and renewable sources, most of it results from the biomass

conversion into energy.*?

1.1.1. Biomass

The accurate definition of biomass is the mass of biological organisms in an

ecosystem or area at a particular time, such as animal or plant matter using for the
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[33]

production of chemicals, fibres, energy, etc."” It contains lignin, cellulose, hemi-

cellulose, and a small amount of other materials.4

It usually is in liquid or solid
state and formed of hydrogen, oxygen, co-polymer of carbon and includes small
amounts of inorganic elements, sulfur, and nitrogen.®™ Moreover, there are some
other sources of biomass such as: agricultural product residues, wood from fire-
and insect-killed forest stands, dung from ranch livestock processes, sheathes
derived from cellulose, pulping alcohol-liquors, refined-cook oils, natural rubber
products, coffee molds, remains of agricultural harvests, waste of wood
manufacturing, waste residues from incineration or landfill, and forest harvesting

residues.*¢-3"

1.1.2. Renewable energy resources and biomass availability in Russia

Although Russia is among the largest oil-producing countries, it can be
classified as the developer of alternative and renewable energy sources due to the
large area suitable for cultivation, as well as the state's policy in this sector, which
seems more attractive to investors.”® The availability depends on a number of
technological, economic, regulatory, and environmental factors like the type of
biomass, transport costs, production costs, and the utilized conversion technology,
which in turnover set the desired biomass resource, contest with other markets and
rate bands, and governments policy with regard to, for example, energy crop, waste
processing, and production.**! The important key success factor of an essential
future role for biofuels (especially biogas) in Russia is the availability of biomass.
Biomass is a type of renewable, eco-friendly, clean energy, and abundant.
Bioenergy is one of the most promising sectors of the economy is already
developing in some regions of Russia. The expediency of development in this
industry caused by the presence of decentralized energy supply zones, waste
management needs, necessity and expediency of energy sector upgrading.”” Like
any other branch of power supply, bioenergy needs reliable resource assessments
and projections. In Russia, detailed assessments of biomass energy potential earlier

were carried out only on a national scale." In 2015, within the framework of
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developing geographic information system “Renewable Energy Sources of Russia”
data on the different types of wastes used for bioenergy was collected, the
calculations of gross, technical and economic bioenergy potentials were made,
databases and maps of the resource distribution were developed for the territory
Russia. For today resources of sewage sludge, municipal solid wastes, the main
areas of animal husbandry wastes, the main cultivated agricultural crops of Russia:
grains (with a separate species), oilseeds, vegetables and potatoes — were analyzed
for each region of the Russian Federation."*? Scientifically based quantitative
evaluations and convenience of it is visual display as maps allow to highlight the
lead in biomass potential regions. With the socio-economic and environmental
features of the territory it forms the basis for decision making. These estimates are

used by public authorities for planning strategy of national energy development.!*

In 2015, Russia has ranked as the fifth-largest hydroelectricity producer
country, where hydropower occupied approximately 15% of total electricity
generation.*” Moreover, the percentage of renewable energy was small with the
exception of large hydropower. According to British Petroleum (BP) estimates, it
reached about 0.05% of the total electricity generation in 2015 (Fig. 1.1).

Solar; 0,01%

Wind: 0,00%
5
= 2 )
s ) Geothermal,
§ = Biomass, etc.
& 0,05%

Figure 1.1. Energy sources for electricity generation in Russia, 2015.1**!
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The estimates of Russian organizations are more hopeful, but not dramatically
according to the statistics service of the Russian Federation (Rosstat). However,
renewable energies (except hydropower, which is more than 25 MW of set up

capacity) accounted for 0.19% of the whole electricity generation in 2015.1*4

According to the statistics from 2010, if bioenergy is used to the fullest, it
may be equal to 30% of the total electricity and heat consumption in Russia.[*"
Recently, electricity and heat demand can be satisfied in almost all areas in the
Northern and South-Caucasian federal regions. In these districts, bioenergy
potential coincides with 100% of the total heat and electricity consumption, which
can be demonstrated by high bioenergy resources of these districts with a moderate

climate and improved agriculture (Fig. 1. 2).

2000 120

1800 n .
1600 ; \
1400 %0
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Figure 1.2. Bio-energy resources and total electricity and heat consumption by the Federal

regions of Russia.l®!

In the Volga and Central Federal regions, it is possible to substitute about 28%,
and in the North-western Federal regions, 23% can be replaced. In Far Eastern
federal districts and the Siberian, which include regions not connected to the

integrated energy system of Russia, it is possible to substitute 24% of today's
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electricity and heat consumption. The Ural Federal district showed the lowest
potential for the replacement (about 12.7%), which is distinguished by the high
level of power consumption due to the high level of industrial development, The
promising strategy for the bioenergy resources of Russia is to use them locally for

heat and electricity generation.!347!
1.1.3. Energies from biomass conversion

The utilization of renewable raw materials is increasingly a focus and the
application of biomass as a fuel is now commonplace.[*! Bark, waste from the
wood industry, from roadside maintenance and from landscaping, as well as
agricultural wastes such as straw or palm fibres serve as fuel. Although the
composition of biomass is extremely heterogeneous, all materials have one thing in
common:®%in most cases their water content has to be significantly reduced before
they can be used for energy.*” Conversion of biomass to energy can be done using
different processes such as thermo-chemical, bio-chemical/biological, and
mechanical extraction (with esterification). Factors like type and quantity of
biomass feedstock, end-uses of the energy; environmental standards, and economic
conditions influence the choice of conversion.®? Fig. 1.3 explains different
processes involving intermediate energy carriers, and final energy products, and
the thermo-chemical conversion of biomass.”™ Combustion, pyrolysis, and
gasification are considered as the most important methods for biomass conversion
(Fig. 1.3.):
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Biomass
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engines Gasoline

Figure 1.3. Thermo-chemical conversion of biomass into energy.*”

1.1.3.1. Biomass combustion

Combustion of biomass is a combination process that depends on successive
homogeneous and heterogeneous reactions. The essential processes are drying,
devolatilization, gasification, char combustion, and oxidation of gas-phase. The
time used for each reaction depends on the temperature, fuel properties, and size,
and on combustion conditions. Batch combustion of a small particle displays a
distinct separation between the char combustion phase and a volatile with time. For
the design of combustion systems, the high content of volatiles (80% to 85%)
necessities to be respected. For big particles, the phases overlap to a certain extent.
However, even for logwood furnaces systems, a certain separation of distinct
combustion regimes with time can be observed. Since automatic combustion
systems are operated continuously, the sequential reactions occur altogether at
various places in the furnace.” As a result of the combustion process, different
types of pollutants can be produced (Fig. 1.4): (i) Unburnt pollutants such as
unburnt carbon, CXHY, HCN, CO, PAH, H,, soot, N,O, NHj, and tar; (ii)
Pollutants from full combustion: CO,, H20, and NOyx (NO and NO,); (iii)
contaminants such as ash particles, HCI, SO,, Pb, Cu, Cd, Zn, etc, PCDD/F, and
Ash.
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Figure 1.4. Biomass combustion processes, products and pollutants.*%

1.1.3.2. Biomass gasification

Gasification is defined as the indirect combustion of liquid and solid
biomass by converting them to syngas.?®*?*31t’s an alternative process for classic
combustion, in which the emission of dust and toxic gases can be reduced.
Gasification is classified as non-catalytic and catalytic processes, in terms of
gasification agents, and plasma-assisted processes.”® Common types of
gasification equipment, aka gasifiers, are introduced with working principles,
through which the advantages and weaknesses of technology are briefly discussed
in °!. The reactions are carried out in a gasification medium such as pure oxygen ,
air, steam, or a mixture of these gases at temperatures (500-1400 °C), and

atmospheric or elevated pressures up to 480 psia.* The major reactions involved

in the gasification process are as follows:®">
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CO + 3H, - CHs+ H,O Methane reaction AH = —206 MJ/Kgmole Eg.1.1
C+ 2H;—> CHy Methane reaction AH = —75 MJ/Kgmole  Eq. 1.2
C+ 0,- CO; Complete oxidation ~ AH = —365 MJ/Kgmole Eq.1.3
C + H,0 > COx+H; WGS reaction” AH = +131 MJ/Kgmole  Eq. 1.4
C + % 0, CO Partial oxidation AH = —111 MJ/Kgmole Eq. 15
¢+ CO;- 2CO Boudouard AH = +173 M]/Kgmole Eq. 1.6

WGS reaction” represents water-gas-shift reaction

All these reactions are in equilibrium, which means that the gas products
from the gasification process consist of a mixture of methane, carbon dioxide,
carbon monoxide, water vapor, and hydrogen. Gasification produces a medium or
low heating gas value. Low heating value gas (about 5 MJ/N-m°) is burned directly
for drying and space heating. It is also used as fuel for gas turbines and gas
engines. Medium heating value gas is used as a feedstock to produce considerable

liquid fuels like Fischer-Tropsch and alcohols fuels.®® ®-%%

. The types of gas
products with the gasifying agents and calorific values (CV) are represented in

Table 1.1.

Table 1.1. Types of product gases, their calorific values and gasifying agents'®

Product gases | Calorific value Gasifying agent

High CV 40 MJ / Nm® Using hydrogenation and hydrogen
Medium CV 16 MJ/ Nm® Using steam and oxygen

Low CV 5MJ/Nm® Using steam/air and air

1.1.3.3. Biomass pyrolysis

Biomass pyrolysis is considered a promising process of producing valuable
biochemical for bioenergy. The petrochemicals that can be obtained by this process
from lignocellulosic biomass include furfural, phenolic compounds, and acetic
acid. The last product is mostly produced from the partial degradation of cellulose

and lignin and the degradation of hemicellulose.[®® Phenolic compounds are the
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degradation products of lignin, whereas, Furfural is a typical degradation product
of hemicellulose. The mechanism of formation of the above chemicals during
pyrolysis of lignocellulosic biomass and presents experimental data for the
production of the chemicals via pyrolysis of different lignocellulosic feedstocks
under various conditions have been discussed in.’**®! The gaseous products form
pyrolysis of biomass contain water vapor, hydrogen, hydrocarbon gases, carbon
dioxide, carbon monoxide, and tars. On the other hand, the by-products of
pyrolysis that are not vaporized are referred to as char and consist mainly of fixed
ash and carbon.!®”

1.1.4. Production of synthesis gas from biomass

Syngas is a mixture of CO and H, that results from all the reactions
discussed above, it can be used directly as fuel, besides it is directly used in
ceramic fuel cells. Molten carbonate fuel, owing to the presence of carbon
monoxide, is totally dissonant with low-temperature fuel cells such as solar-
powered electrochemical cells (SPFCs).[*®!

Syngas has been used as industrial and domestic fuel, but its low energy/unit
volume makes it unattractive if it has to be pumped to a distant consumer.’*” For
these applications, the gas can be enriched by transforming it into methane or
dimethylamine, or higher alcohols (higher alcohol synthesis (HAS)) or long
hydrocarbons (Fischer-Tropsch Synthesis (FTS)) (See Fig. 1.5), All the above
reaction are carried out over selective catalysts.® These are the ground for many
processes of coal gasification. Moreover, the preceding syngas is dangerously

poisonous and toxic owing to CO it contains.

Bio MethanoI/D_!ME > CH,OH / DME
Gasification S th i synthesis
mass yninesis
Steam gas Higher alcohol
—_— g -
Coal roTorming Synthoss > C,-Cg alcohols
Natural|  partial CO + H
L. Fischer—Tropsch
gas oxidation = Long hydrocarbons

synthesis

Figure 1.5. Production processes of syngas from biomass and the catalytic reactions of
syngas.[®®!



The most important benefit of syngas it’s considered as feedstock for the
synthesis of a huge number of petrochemicals.!®” A lot of these have an C:H ratio
basically bigger than that of syngas. That's why, and for its use in low-temperature
fuel cells, a hydrogen-enriching step may be needed. This is known as a shift
reaction.l’™ The contaminants produced with the syngas (see the first reactions in
Fig. 1.5) are represented in Table 1.2; they must be removed to permissible limits

before the gas can be used.
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Table 1.2. The contaminants produced with syngas and their potential issues!™

Contaminant

Potential issue

Example

Tars Clogging of filters Refractive aromatics
Particles Erosion Fluid bed material, Ash, char,
Nitrogen Compounds Emissions HCN, NOy, NH3

Sulfur, Chlorine Catalyst poisoning, | H,S and HCI

emissions, corrosion

Table 1.3 shows the comparison of synthesis gas from different technologies
of biomass gasification. The difference in synthesis gas compositions is attributed

to the effect of different characteristics such as the feedstock, type of gasifier,

oxidant used, pressure, composition, and temperature. "
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Table 1.3. Comparison between different gasifier operating conditions and the
composition of synthesis gas!’?

. BCL/FER b c d BFB CFB
Gasifier Type CO? Purox Shell MTCI Range Range
Reactant 1 Air O, or Air 0, - O, or Air Air
Temperature (°C) 600-1000 | 1300-1400 1400 7891% 650-950 | 800-1000
Pressure (bar) 1 1 30 1 1-35 1-19
Feedsto_c_k Wood MSW Coal Pulp Various Various
Inlet conditions
Input (kg/kg feed 0.08 -- 0.98 - 0.4-2.2 1.25-1.7
Throughput 24 181-195 | 2155 7 | 45181 | 9-108
(tonne/day)
3 s | 335- 1181-
Gas output (m°/h) 800 33960 1.48*10 8793 12500
Heating 18 7.92 9.51 16.7 4-13 4-75
Exit temperature
°C) 820 -- 240 -- 300-800 | 00-900

BFB- Bubbling fluidized bed; CFB- Circulating fluidized bed; ® Indirectly heated CFB with separate combustor; ° Fixed bed; ¢ Fixed bed Fluid
bed - Entrained Flow (no circulation); “Indirectly heated BFB with separate combustor.

1.2.

Higher Alcohol Synthesis (HAS) from syngas

Higher alcohols synthesis (HAS) means the process of production of

alcohols that possess two or more carbon atoms, attracting considerable benefit
owing to their wide range of applications such as the polymer and chemical
industries. They can be widely used as intermediates and feedstock for the
production of specialty products and commodities.[”*"" Analogously, Linear-chain
fatty alcohols (Cq.—Cy,.) are also synthesized in considerable volumes, nearly
equally, from fossil-derived natural resources to accomplish the requirements for
the preparation of detergents and surfactants. Regarding the energy sector, HA, in
particular isobutanol and ethanol, avail as additives for petro gasoline to increase
the motor octane number (MON), which determines the combustion quality in
internal combustion engines (ICE)."*" The importance of HA in this application

IS also expected to dramatically increase in the near future owing to the rising need
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for fuels of the growing world population, and the phasing-out of the expensive
popular ON improver (methyl-tret-butyl ether (MTBE).®”! Moreover, ethanol can
work as a hydrogen transporter alternative to less energy-dense and more toxic

methanol in fuel cell technologies.®”!

C,+OH and C;.0H are specially synthesized by the fermentation of sugars
obtained from starch or sugarcane,® 3% whereas heavier alcohols are particularly
produced by the hydration of the corresponding alkene (fractionated from
petroleum) over acid catalysts.®™ Two additional processes for HAS are based on
the syngas conversion, a gaseous mixture mostly composed of H,O, H,, CO, and
CO,, which is obtained from coal and natural gas. They have reached
commercialization, but their contribution to the overall market is considered as
limited. The Syngas generation pathways and conversion routes are concluded in
Fig. 1.6.

Gasoline Diesel Waxes

Coal .
™ FTST Fuel

T
N
Natural gas —___ HAS .
-:: CO+H, (+CO,) |—— Higher alcohols Fuel additives
Shale gas —
i /’f . Chemicals
. L Methanol| synthesis
Biomass -
Methanol
[ " A LS s 4
Syngas generation Syngas conversion

Figure 1.6. Syngas generation pathways and conversion routes.®®!

Synthesis of alcohols from syngas remains an economically attractive
method for making fuels and primary materials. Vehicles known as flexible fuel
vehicles (FFV) can run on pure ethanol, pure gasoline, and any mixture of both.
Pure ethanol vehicles are being commercialized in Brazil.®”! A mixture of gasoline
and ethanol (E85 has 85% of ethanol) is commercialized in Europe and the USA.

Today, most engines can operate with at least 10% ethanol blended into the
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gasoline (E10).%8 Many regions around the world allow a mixture of alcohols to be
blended with gasoline, in the range from methanol to octanol (boiling point lower
than 210 °C). However, due to its toxicity, the methanol content should preferably

be below.
1.3. Catalysts for HAS from syngas

A wide variety of heterogeneous catalysts were used in the direct conversion
of syngas into HA. In general, HAS catalysts classify into four categories: TMS-
based, Rh-based, modified MS systems (Methanol synthesis), and modified FTS
catalysts. The publications in each category has fluctuated during the years, with
revivals of certain materials triggered by the development of nanotechnology tools.
Currently, ZnCu- and ZnCr-oxide catalysts are used at the industrial scale.l®
These catalytic systems produce predominantly methanol and small amounts of i-
butanol, whereas the most commercialized alcohol used as fuel is ethanol.’"
Another disadvantage of ZnCu- and ZnCr-oxide catalysts is their dramatically low
resistance to sulfur poisoning, which is a problem when using sulfur-containing
syngas derived from coal and biomass. Transition metal sulfide-based catalysts
(TMS) not only are resistant to sulfur®! but even require sulfur to stay in their
active sulfide phase, and can produce high amounts of C1-C5 alcohols when
modified by potassium. These systems are promising catalysts for the production

of alcohols for industrial purposes.
1.4. TMS catalysts for HAS from syngas

The TMS catalysts have been used in hydrodenitrogenation,
hydrodesulfurization, and hydrogenation reactions for over 45 years in petroleum
industry.”Y MoS, is a layered molecule, where one layer consists of a slab of
molybdenum atoms between two slabs of sulfur atoms (S-Mo-S layer). The Mo*
is bonded with six sulfur ligands (S*) in a trigonal prism order. The layers are
bonded by van der-Waals forces (Fig. 1.7). These make MoS, similar to graphite.

It is notable to mention that the slabs of industrially used MoS,-based catalysts are
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usually not perfect and flat, but partially crystalline, showing adisordered droop
[92]

morphology.

Figure 1.7. Crystal structure of 2H-MoS; and its typical layered structure. Mo and S are
represented in red and yellow, respectively. Proportional atom placement in the molybdenum

disulfide monocular layer is shown in the right-upper picture, whereas their positions relative

the second layer are illustrated in the right-lower picture.l®

The MoS, when modified with alkali metal (mainly potassium) was using as
a catalyst for HAS from syngas. The TMS-based catalysts were first developed by
Dow and Union Carbide companies to convert synthesis gas to alcohols.®*
(K)MoS,-based catalyst is more applicable for HAS because of the active phase
impedance to WGS reaction and sulfur poisoning. Ultra-desulfurization is
demanded to decrease the sulfur content (less than few ppb) because sulfur makes
the large scale processes more expensive and complicated.®” Developed TMS-
based catalysts became a solution to the affair of creating efficacious production.
This economizes the charge of desulfurization for separation of H,O and feed
gas.™! MoS,-based catalysts not only are resistant to sulfur but even require sulfur
to stay in their active sulfided phase.® Furthermore, these catalysts are also more
resistant to the carbonization and CO, action ! Rising the temperature of reaction

increases the selectivity for HA and hydrocarbons, whereas decreases the
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selectivity of MeOH.*"! Syngas conversion on unpromoted MoS, yields mainly
hydrocarbons, whereas MoS, promoted by potassium vyields mainly alcohols.
Besides, promotion of the catalysts by second transitional metal like Co, Ni, Fe,
and Nb increases the catalytic activity. However, to summarize the catalytic
performances of MoS,-based catalysts in HAS from synthesis gas and how we can
develop the active phase morphology to increase the production yield of
commercial targeted products, three roles should be addressed: (i) effect of

promoters (Co, Ni, Fe, and Nb); (ii) Effect of alkali metal; (iii) effect of supports.
1.4.1. The role of second transition metal promoters

In order to shift the product distribution towards higher alcohols, group VI1II
promoters such as Co, Ni, Fe, and Nb are frequently added to the catalyst.[?>31%
These promoters work as electron density acceptors on the S-edge of the MoS,—
crystallites, which deactivates the sulfur-edge and decreases adsorption of hydride
hydrogen, also leading to increase selectivity towards alcohols at the cost of
hydrocarbon selectivity.!**” Several published works have discussed and develop
the role of VIII promoters in MoS,-based catalysts;?*%%? Maximov et al.[’! and
Permyakov et al.”*! investigated modified and unmodified Bimetallic (Co, Ni, Nb,
and Fe) MoS, by the DFT method. Besides, they compared the electronic and
geometric structures of active sites in terms of CO and adsorption of H-hydrogen.
They conclude that the CO conversion on NbMoS, and MoS; catalysts particularly
proceeds on the sulfur-edge that has 2 coordinative vacancies per metal atom.
Adding of Fe, Co or Ni to the S-edge deactivates it. The promoter atoms in active
sites on the sulfur-edge stop hydride hydrogen formation which leads to a decrease
of the hydrogenation reaction. The CO adsorption energy on the second metal-edge

decreased in the order Fe > Co > Ni.

Maximov et al.”! also studied the effect of group VIII promoter nature on
MoS,/Al,O; catalysts (Modified and unmodified by alkali metal) in HAS from
syngas. Besides they established relationships between promoter nature,

hydrocarbon chain length and selectivity of the formed alcohols. They concluded
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that electronic structures of the promoter atoms of the active sites were found to
strongly influence catalytic performance of HAS. On the other hand, promotion of
the S-edge by Co, Ni, or Fe suppresses the hydrogenation reaction, which led to a
decrease in the synthesis gas conversion. In contrast, promotion of the metal-edge
by Fe, Co, or Ni results in double vacancies, which supports synthesis gas
conversion. They supposed that the reaction can occur either on multiple vacancies
on the edge of the alkali modified (Me)MoS, catalyst or on the non-promoted

sulfur-edge of the alkali MoS, catalyst.

Serval studies ©#*1% confirmed that the activity of molybdenum disulfide-
based catalysts is associated with the presence of coordinated unsaturated sites
(CUS) on the S- and M-edges. Fig. 1.8 shows the structure of the active site of the

MoS,-based catalyst with vacancies on molybdenum and sulfur atoms. ©
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Figure 1.8. The active site of the MoS,-based catalyst structure with vacancies on
molybdenum atoms. Coordination vacancies are indicated as empty squares. (a) Active site
(non-promoted) on the sulfur-edge, front view. (b) Active site on the M-edge, side view. (c)
Me-promoted active site (M-edge) with a double vacancy, top view. (d) Active site on the M-
edge, side view. (e) Me-promoted active site (M-edge) with a single vacancy, top view. Me =
Mo, Fe, Co, Ni.!
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The sulfur-edge of MoS,-based catalyst contains considerable numbers of
vacancies (Scheme 1a) in the stable state (thermodynamically), whereas M-edge
contains small numbers of vacancies, if any.”” Based on experimental and
computational studies, it was suggested that the M-edge of the unpromoted catalyst
does not display activity in HAS from syngas. Their DFT calculations show that
adsorption of carbon monooxide and dissociative adsorption of hydrogen occur on
the sulfur-edge at (K)MoS sites with the formation of hydride hydrogen.!® The
authors believe that CO intermediate fragments are reduced by hydride hydrogen.
In the case of MoS, promoted with Co, Ni, or Fe and other metals from G VIII, a
mixture of MeMoS, phase will be composed. Herein, promoter atoms replace some
of molybdenum atoms on the crystallite edges.'* Promotion of the S-edge by the
same atoms leads to the formation of (K)MeMoS sites that are not competent for
activating adsorption of hydride hydrogen. It leads to inhibition of the CO

hydrogenation reaction and promotes higher alcohols synthesis.

Fig. 1.8 b, c represent double sulfide vacancies which are formed on the M-
edge at (Co, Ni, or Fe) MoS and its alkali modified sites; these vacancies can
participate in syngas conversion. According to experimental data of | the sulfur
affinity of double vacancies on the M-edge of Fe-promoted sites was extremely
higher than for Ni and Co counterparts. These results corroborate the results

[24]

obtained by
1.4.2. The role of alkali metals

Cobalt (nickel) promoted MoS,-based catalysts are common industrial
catalysts for hydrotreating exceedingly used since 1960.1%%! According to
analytical predictions %% there are no major alternative catalytic systems to
substitute them fully over next 25 years. Modification of the catalysts by alkali
metals (particularly potassium) shifts selectivity from hydrocarbons to higher
alcohols which are used as green fuels and octane number improvers. However,
their large scale application needs respectable interest for selectivity towards

alcohols.**® Modification of Co(Ni)MoS, systems by potassium reduces metal
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atoms of active sites and increases average particle length and average stacking

numbers in MoS,-crystallites (Fig. 1.9)****°]
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Figure 1.9. The role of potassium atoms in syngas conversion over K-CoMoS; catalysts

aiming to shift the selectivity from hydrocarbons to higher alcohols.™***!

According to the results obtained from quantum chemical calculations of
methanol 7% and carbon monoxide ™! hydrogenation over MoS; catalysts, the
C-O split followed by H,O formation and CH, was preferable to carbon chain
growth in terms of kinetics and thermodynamics. Moreover, a series of studies
have discussed the hypothetical mechanism of syngas conversion over alkali
promoted molybdenum disulfide catalysts.>#12122 Alkali metals (particularly K)
play an important role in the suggested reaction mechanisms. The physical and
chemical analysis of catalysts in these publications confirmed that potassium is
part of the active sites composition (AS); that is why the adsorption of CO
molecules increases and hydrogenation (HYD) activity decreases. The most
important stage in the HAS is the hydrocarbon chain growth due to the insertion of
a new carbon monoxide molecule into the C-M bond in the adsorbed K-
intermediate, which produces linear primary alcohols. However, the potassium
localization in the molybdenum disulfide crystallites has not been systematically
studied so far.
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Several studies ®'?2'%! have concluded that distribution of K atoms on the
catalyst’s surface changed in the route of the reaction between potassium atoms
spread under the MoS, surface and CO and H,, which can be explained by the
intercalation of K atoms into the molybdenum disulfide structure. The intercalation
of K metals in molybdenum disulfide crystallites is well known and has been
systematically studied elsewhere *2**%31 Moreover, the expected increase of the
interlayer distance due to the potassium intercalation was not observed in the
published articles what explains the potassium placement in the K-modified MoS,
catalytic system.'*'?! This behaviour has been explained by the localization of
potassium atoms near the edges of molybdenum disulfide crystallites rather than in
the interlayer space.****?! Adding of potassium simplified an increase in the Fermi
level and in the d-orbitals energy of metals. Although the Fermi level increases
faster, exceeding the energy growth of metal d-orbitals (Fig. 1.10), this led to

reduction of the metal atoms and filling of the metal d-levels.[?
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Figure 1.10. Model of electron back donation from Co of the active site to adsorbed CO.*
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1.4.3. The role of supports

In fact, supports play an important role in the preparation of highly active
and selective modified-CoMoS, catalysts as it impacts electron properties of the
formed active phase, morphology, and dispersion. The active phase-support
interaction plays a critical role in catalytic hydrogenation processes on
heterogeneous catalysts owing to the effect of possible hydrogen spillover. [1>*%71
H* formed by dissociative adsorption on the active phase migrates onto the carrier
where the reaction continues. In general, the support alters the electron-accepting
or electron-donating properties of metal species, their reducibility and dispersion,
and promotes the oxygen or hydrogen donation or exchange, as well as stabilizes

the active phase and promoters, [t 1231311

In HAS from syngas over K-CoMoS catalysts, the catalysts supported on
carbon materials show higher catalytic activity than those based on metal oxides
(Al, 03, SiO,, MgO, Zr0,), according to several research.** The majority of these
studies interpret the activity of carbon materials as a result of the weak interaction
between the carbon and the K-CoMoS active phase, as well as the low acidity
compared to metal oxides, which has a positive effect on the selectivity towards
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 (AC) 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 support material and active phase.!*® *! In addition, because of
the delocalized 7 electronics, electronic conductivity is an important property of
AC."® Normal activated carbons being microporous (<2nm) causes pore plugging
due to the formation of coke and deactivation of the sulfided catalyst, which results
in transport limitation in the catalytic reaction.™ Internal diffusion issues can be

avoided by using mesoporous supports with pore diameters ranging from 2-50nm.
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The majority of HAS research has been conducted using microporous AC
supported catalysts with significantly smaller surface areas (350—-820m?/g) than
commercially available activated carbons (950m?/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.™®*! The authors
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 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. There
is less dispersion on mesoporous MWCNTSs than on microporous ACs, the
researchers found. There has been an ever-increasing interest in the use of shaped
carbon materials with regular structures, including activated carbons, as catalyst
support for syngas conversion.***32 More than a thousand ACs are available
commercially, with different porosities, typically made from different source

materials ™2 for particular applications.

Anashkin et al.””® studied the influence of various metal oxide supports
(AL, O3, SIO,, TiO,, ZrO,) on HAS from syngas over K-CoMoS, catalysts. It has
been concluded that the K-CoMoS/MO, selectivity towards alcohols also relies on
the characteristics of the support and tends to decrease in the sequence SiO, >
Al,O3 > TiO, > ZrO, and that SiO, and Al,O3; supported catalysts allow obtaining
Cui.— Cg. alcohol mixtures. Another research ¥ demonstrated application of the
K-modified bimetallic promoted MoS,-based catalyst supported on the large pore
ordered mesoporous carbon in HAS with high product selectivity. The authors
showed improved homogenous species dispersion on the MWCNT support using
the XRD analytical method of the previous catalysts. They ascribed this
phenomenon to the improved textural features of the ordered mesoporous carbon-

supported catalyst whose catalytic performance was equivalent to that of its
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MWCNT counterpart at greater metal loadings in the active phase. Carbon-based
materials compared to conventional alumina used as catalyst supports offer the
following advantages: stability at high pressure and temperature, resistance to basic
and acidic compounds, and a weak interaction between the metal species (active

phase) and the support.

Nonetheless, due to particular commercial characteristics, Al,O3 retains its
placement as an important support for large-scale heterogeneous catalysts because
of its developed mesoporous surface, durability, thermal stability, and high packed
density. Therefore, it is advisable to integrate the good characteristics of both types
of the supports. To this end, carbon-coated alumina was synthesized as a support
for heterogeneous catalysts.'*****®! The method of preparing carbon deposition over
alumina and carbon wt. % was found to be crucial factors impacting catalytic
performance. According to ™4 carbon-coated alumina (CCA) prepared by
pyrolysis of organic materials at high temperature in inert gas has beneficial
properties as a support for K-CoMoS, catalysts in HAS from syngas. Carbon on
the CCA surface reduces the number of surface hydroxyl groups, while
maintaining textural characteristics of alumina, and decreases the interaction

between alumina and the metal species.

Graphene prepared as a nanosheet exhibits excellent mechanical strength,
high electrical conductivity, and extraordinarily high thermal conductivity.
Furthermore, it has a high aspect ratio because of the several micrometer and
nanometer thickness of sheets.*”**I Therefore, it can be effectively utilized as an
alternative for amorphous carbon for coating alumina, which is expected to
increase supporting efficiency of alumina in HAS from syngas based on TMS
catalysts. The most popular methods of GCA (graphene-coated alumina)
preparation are plasma spraying, complex CVD, and sol—gel techniques.*” The
latter has been considered the best method, compared to the counterparts, to

prepare GCA because it is a well-established and low cost technique for producing
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ceramics.™*3 However, no systematic study on the GCA application for TMS

catalysts has been published so far.

1.5. Reaction mechanism for HAS from syngas over K-CoMoS

catalyst

According to the reaction conditions and used catalysts, alcohols are
produced from syngas by the following reactions: (I) variants of FTS, (ii) a step-
wise carbon monoxide insertion and then a condensation reaction (iso-synthesis),
(iti) homologation of C;,OH and other smaller alcohols to synthesize higher
alcohols, (iv) synthesis of alcohols with one molecule each of CO + H, following
by hydrogenation of the resulting aldehyde (oxo-synthesis), including the
hydroformylation of alkenes. The final product includes linear and branched
alcohols involving primary and secondary alcohols. Moreover, carbonyl
compounds and esters are also synthesized. The equations bellow (Eq. 1.7 to 1.17)
represent the chemical reactions included in the synthesis of higher alcohols from

synthesis gas:

CO + Hz0 - COz+ Hy Eq. 1.7

CO + 2H, > CHaon Eq. 1.8

C + H,— CO, Eq. 1.9

CO + H; » HCHO Eq. 1.10
2CH;0H — CH3CH,0OH + H,0 Eq. 1.11
CH30H + CO + 2H, - CH3CH,OH + H,0 Eq. 1.12
CuHons1OH + CO + 2H, —» CH3(CH2),0H + H20 Eq. 1.13
CH30H + CO — CH3CHO + H,0 Eq.1.14
3CH;0H — (CH3),CHO + H,0 Eq. 1.15
2CH;CHO — CH;COOCH,CH3 Eq. 1.16
(CH3),CO0 + Hy — (CH3),CHOH + H,0 Eq. 1.17

Dorokhov et al. (2016) proposed a reaction network of CO conversion on K-
CoMoS-catalyst AS (Fig. 1.11) based on a computational and experimental data.

According to the calculations, carbon monoxide adsorbs onto active sites more
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substantially than hydrogen. This confirmed that hydrogen adsorbs after carbon
monoxide. Then, CO inserts into a metal- hydrogen bond, followed by reductive
elimination that leads to form an adsorbed aldehyde. Hydrogenation of the
aldehyde adsorbed on the active site results in alcohol synthesis but does not
require chain growth and C-O bond split. The C-O bond would break, if
hydrogenation does not happen. The K-intermediate may be participated in chain
growth or hydrocarbons formation (Fig.1.11). The hydrogenolysis of the carbon-
oxygen bond intermediate progresses through a transition state, including the
fivefold coordinated C atom, and is liable to steric impediments. The carbon in the
C.+ hydrogenolysis intermediate state is surrounded by three H atoms, one Cobalt
atom, and one O atom, in contrast carbon in the C,. hydrogenolysis intermediate
state is surrounded by the alkyl substitutions, 2H atoms, one Cobalt atom, and one
O atom. High polarity of the C-O bond supports its nucleophilic hydrogenolysis
followed by HC formation or chain growth. Potassium prevents the C-O bond

nucleophilic hydrogenolysis by reducing of Lewis acid sites.*?



Chain termination

38

Mixed active site

Chain initiation

Mo Co_ Mo
i -alk Ao
n-alcohol n-alkane s S +CO
%supressed
R
0
H2|C/ R o % Il
o-H CH, H_——»C Ak H C
¢ co M Vo Co Mo Mo Co Vo .
M 0 0 L P 0 0
S/ \S/ O\S/ S S S O\S/ \S/
A _
R +H,[H,0  Chain growth cycle HHy
H,C” R Alk )
5 H 0 CH, H o=¢ H c H
{ “co. Mo |Mo_ Co Mo Mo Co Mo | Mo Cd_ Mo
0 0 N e 7/ N Al
. g g Ng g S SO
K-promoted K-supressed
R R H
/ / /
O-CH H H , +H; O-CH < o=Cc VY H
R=H, Al Mo Co Mo Mo Co_ Mo | M Co W
: 0 0 0 0 0 0
Alk = n-CyHons1 0\S/ ~S O\S/ ~g7 0\5/ ~g7

Figure. 1.11. Reaction mechanism of syngas conversion over K-CoMoS active site.
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2. MATERIALS AND METHODS
2.1. Preparation of supports and catalysts

2.1.1. Supports

In current investigation several types of materials were used as supports for
K-modified K-CoMoS, catalysts for HAS from synthesis gas, supports are shown
in Table 2.1.

Table 2.1. Types of supports under study

Support Abbreviation Description

Al,O3 v-Al,O3, obtained from Sigma Chemical Co. (St. Louis,
MO, USA)

CCA Carbon coated alumina Prepared by Pyrolysis

GCA Graphene coated alumina prepared by combined sol—gel

and sonochemical techniques.

AG-3

BAW
Powder activated carbons

DAC

OBK-1

AHM
Fiber activated carbons

TCA

2.1.1.1. Alumina and carbon covered alumina materials
a. Alumina

The y-Al,O3; was obtained from Sigma Chemical Co. (St. Louis, MO, USA),
crushed and sieved to obtain a particle size fraction of 0.2-0.5 mm. It was

calcinated at 550 °C for 6 h before preparation of the catalyst.
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b. Carbon coated alumina (CCA)

CCA was prepared by impregnating 4g y-Al,O3; with about 15mL of a mixture
of glycerol and 2-propanol (1:1) followed by pyrolysis under nitrogen (flow rate 1
L/min) at 200 °C for 40 min and 600 °C for 1 h, using a heating rate of 10 °C min™.
The coke content was determined by Thermogravimetric analysis (TGA) using a
NETZSCH STA 4449 F3 Jupiter apparatus. Thermogravimetric and differential
Thermogravimetric curves for the CCA were recorded in flowing air from room
temperature to 600 °C (heating rate 10 °C/min).* The amount of carbon in CCA
IS given in Table 2.2. The carbon loading on the CCA support is close to the 1.7%

that has been reported to be the optimum loading for alcohol production.™**!
c. Graphene coated alumina (GCA)

Nanostructured GCA was synthesized according to ™! using combined sol—gel
and sonochemical techniques. The aluminum-containing sol and alumina
nanopowders were prepared from obtainable nonahydrate AI(NOj); x 9H,0.
(GHOST 3757-75, Russian Federation), it was introduced as an aluminum source
without any further purification. The first aluminum nitride aqueous solution (0.05
mol/l) was prepared at 80-85 °C with magnetic stirring. Sol was formed and
stabilized using Dodecylamine "DDA" from MERCK Schuchardt at a molar ratio
DDAJ/AI = 1 at 87.5 °C. 2,4-Pentanedione (Hacac) was taken as a complexing
agent at a molar ratio Hacac/Al = 1. An Al-containing sol was evaporated at 94 °C
until a gel, and then heated at 500 °C in a muffle furnace for 1 h. As a result,

finally, Al,O3 nanopowder was prepared.

On the other hand, a synthetic graphite powder with particle sizes between 600—
800 mm (from Processing Science manufacture, Russia) was utilized as a carbon
species. The graphene was prepared from graphite using a sonochemical technique
in one-step procedure. The powder graphite sample was added to the DDA solution
in the ethanol-aqua mixture with potassium hydroxide addition. The ratio

aqua/ethanol was 1/2; in base media (pH= 10). Deionized aqueous solutions were
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prepared by a reverse osmosis Raifil system; specific conductivity <1 uS/cm. Then
the mixture of solutions was exposed to ultrasonic radiation (Sonoswiss SW1H,
200W) at 60 °C for 1 h. The obtained graphene was separated from the reaction
medium by decanting and left to stand for 22 hours. Hybrid nanostructures
graphene was prepared from light and medium graphene suspension fractions. The
graphene suspension fraction was added to the Al-containing solution on a
magnetic stirrer at 87 °C. The mixture was stirred at 87 °C for 35 min and then the
temperature was raised by 5 °C and the sol evaporated until the gel form. The
hybrid gel was calcined in a muffle furnace for 3 hours at 500 °C. Linear sizes of
the sheets ranged from a few nanometers to several microns at a thickness of 5-7
nm. Data on the catalyst samples supported on carbon coated alumina materials

with the different carbon content are given in Table 2.2.

Table 2.2. Weight percentage of amorphous carbon and graphene in carbon coated

materials

Catalyst Carbon in CCA (wt. %) Graphene (wt. %)
CCA 1.7 -

GCAl - 1.7

GCA2 - 1.2

GCA3 - 0.4

2.1.1.2. Activated carbons
a. Powder activated carbons

Activated carbon AG-3 (commercial trademark AI'-3) was obtained from
weakly coking coal crude and coal semi-coke with coal tar pitch binder by
preparation of dough, granulation, carbonization, and gas-vapor activation.
Activated carbon BAW (commercial trademark BAY) was manufactured from
irregular shaped charcoal grit via gas-vapor activation at 850-900 °C. Activated

carbon DAC (commercial trade mark JIAC) was obtained from anthracite (hard
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coal) by preparation of dough, granulation, carbonization, and gas-vapor
activation. Activated carbon OBK-1 (commercial trade mark VYIIC-1) was
manufactured based on carbonaceous composition prepared from gas-vapor
activation at 850-900°C.!*°]

b. Fiber activated carbons

Fabric active sorption (TCA) is an elastic sorbent obtained by heat treatment
of technical fabric, which was previously impregnated with chemical compounds.
It was formed as canvases with dimensions: length 20 m, width 0.55 m, thickness
0.6 mm. Non-woven activated material (AHM) was produced by heat treatment of
a nonwoven needle-punched material based on viscose fibers and mtilon fibers.
The parameters of the active layer are aerodynamic resistance 10 Pa, surface
density 120 g m™, thickness 1.0-3.5 mm{**!.

2.1.2. Alkali-modified CoMoS, catalysts

The catalyst precursors were prepared by incipient wetness impregnation.
Ammonium heptamolybdate tetrahydrate (Alfa Aesar, chemically pure 99%; 5
mmol, 0.48 g) was dissolved in a mixture of 1 mL of NH,OH (20%) solution and
1.5 mL of distilled water, then mixed with 0.40 g (10 mmol) of KOH (analytical
grade, 98%). The produced solution was added to a mixture of cobalt acetate (Alfa
Aesar, tetrahydrate, chemically pure 98%; 2.5 mmol) and 1.05 g (5 mmol) of citric
acid in 1 mL of distilled water. The impregnated supports (3 g) were dried in
flowing air (1 L/min) for 2 h at 60 °C and then for 5 h at 100-110 °C. The catalyst
precursors were sulfided in an autoclave using crystalized (elemental) sulfur (1:4
catalyst: sulfur) at 360 °C under H, at 6.0 MPa for 1 h. The supported catalysts are
denoted as Cat-Al,O5, Cat-CCA, Cat-GCA, Cat-AG-3, Cat-BAW, Cat-DAC, Cat-
OBK-1, Cat-AHM, and Cat-TCA, where Cat denotes the active phase K-CoMoS,.
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2.2. Physical characteristics of supports and catalysts

Textural characteristics for supports and catalysts were studied via N,
adsorption and desorption isotherms measured using a Quantachrome Nova 1200e
(Anton Paar, Graz, Austria) instrument at 77 K, approximately 0.1 g of each
sample, and calibrated sample cells. Oxidic samples were kept under argon flow
for 3 h and sulfided samples were kept under hydrogen flow for 3 h before
degassing. The oxidic samples were degassed at 110 °C for 4 h at 10-4 mm Hg and
the sulfided samples at 250 °C for 4 h at 10-4 mm Hg. The specific surface area
was determined using the BET equation. The total pore volume was characterized
at a relative pressure p/p0 = 0.99. The mesopore size distribution and volume
(considering the adsorption film thickness on the mesopore surface) were
calculated from the desorption branch of the isotherm using the Barrett, Joyner,
and Halenda (BJH) method.***) The micropore volume was determined using the t-

plot method ™ and by comparing the total pore and mesopore volumes.

The surface morphology of both supports and catalysts was studied using a
Hitachi SU8000 Field-Emission Scanning Electron Microscopy (FE-SEM). The
samples were mounted on 25 mm aluminum specimen stubs using conductive
adhesive tape. Uncoated samples were studied to avoid metal coating surface
effects. Secondary electron images were acquired at 10 kV accelerating voltage

and 8-10 mm working distance.

A LaB6 Tecnai G2 20F Transmission Electron Microscope (TEM) (Thermo
Fisher Scientific, Waltham, MA, USA) operated at 200 kV and a FEG Tecnai G2
30F TEM (ThermoFisher Scientific, Waltham, MA, USA) operated at 300 kV
were used to characterize the morphology of the sulfided catalysts, dispersed on
continuous or Quantifoil™ (GroBlobichau, Germany) R1.2/1.3 microgrid carbon
film on copper TEM grids by dry dipping or ethanol suspension. Average slab
length and average degree of stacking were evaluated from representative TEM
images by manually measuring 300—400 individual slabs using the Fiji software

package imageJ program.
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2.3. Elemental composition

The elemental composition of the catalysts was determined using an EDX-
7000 X-ray fluorescence (XRF) (Shimadzu, Kyoto, Japan) spectrometer with a Rh
tube anode operated between 8-200 mA and 15-50 kV. All samples were crushed
before measurements. The spectra were processed using the method of

fundamental parameters.
2.4. Acidic properties

Analysis of acid—base properties of the supported catalysts was performed
by determining how much pyridine is adsorbed from a pyridine solution in octane.
The pyridine concentration was determined using an SF-103 single-beam scanning
UV spectrophotometer (Aquilon, Moscow, Russia). Fig. 2.1 shows the calibration
spectra; the adsorption maximum is at 252 nm regardless of the pyridine

concentration. Fig. 2.2 shows the calibration line, with R = 0.999.

D
2 7 —1,2
—1,1
1S - 0,6
—0,7
1 —0,9

AJHHA BOJIHBI, HM

210 220 230 240 250 260 270 280 200 300 310

Figure 2.1. UV absorption spectra of pyridine in octane. Legend shows the concentration in

mol L.
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The concentration is calculated according to the formula in accordance with
the Bouguer-Lambert-Beer law D = E C x, where A is the optical absorption, C is
the concentration of the solution (mol L™), x is the optical path length (cell

thickness). Gibbsian adsorption (G, mol g™*) was calculated using Equation (2.1):

G =
m mel

where V is the volume of the solution (10 mL); m is the mass of the sample (0.1 g);
Do and D are the optical density at the maximum absorption of pyridine before and
after adsorption; 1 is the thickness of the cuvette (1 cm); € " is the molar absorption

coefficient (extinction, " pyridine = 2106 L mol™ cm™" octane = 1104 L/(molcm)).

]

Optical density
-

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016
C. mol/l

Figure 2.2. Calibration dependence of the UV signal (D) of the solution on the concentration
of pyridine (mol L™) at 252 nm. y = 1749.8x + 0.0359; R? = 0.997.

2.5. X-ray photoelectron spectroscopy (XPS)

The sulfided catalysts were analyzed by XPS using Kratos Axis Ultra DLD
spectrometer with monochromatic AIK* source (h* = 1486.6 eV, 150 W). The
individual spectral regions were analyzed to determine the binding energy (BE) of

the peaks, identify the chemical state of the elements and calculate the relative
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ratios of the elements on the catalyst surface. The BE values were referred to the
positions of Au 4f;, peak at 83.96 eV and Cu 2ps, peak at 932.62 eV. To the
survey photoelectron spectra, narrow spectral regions (Al 2p, S 2p, Mo 3d, C 1s, O
1s, Co 2p) were recorded. The collected spectra were processed by a mixed
Gaussian (30 %) — Lorentzian (70 %) method with the use of CasaXPS software
program. A Shirley background subtraction was applied for atomic concentrations
calculation. The decompositions of the S 2p and Mo 3d XPS spectra were
performed using the appropriate oxide and sulfided references as supported
monometallic catalysts. Atomic concentrations of each element for every sulfided
catalyst were determined. Relative concentrations of each species, cobalt oxide
Co?*, CosSs, CoMoS, molybdenum oxide Mo®*, MoSxOy and MoS,, for every
sulfided catalyst were determined. For example, the relative amount of Co in the

CoMoS phase was determined using the following equation:

[CoMoS ] (%) =—1owes 100 | Eq. 2.2

A\:oMoS + A:ogss + A(;02+

where AX represents the peak area of species x.
The effective Co content (wt. %) in the CoMoS phase was determined as follows:

Ceomos =[COMO0S ]1xC(Co)  , Eq. 2.3

where C(Co)t represents the effective concentration of cobalt on catalyst surface
determined by XPS (at.%).

The promoter ratio in the CoMoS phase slab was calculated using the following

relations:

(gj _ CcoMos Eq. 2.4
MOJgay  C

MoS

2

where Ceomos and  C wmos2 are absolute concentrations of Co and Mo in the CoMoS

and MoS; species, respectively (at %).
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The promoter ratio in the slab edge of the active phase was calculated as follows:

(Qj _ (Co/MO0)gjap Eq 2.5
Mo edge D

where D is the dispersion of the active phase particles obtained using TEM

measurements.

The signal at 169.0 eV (characteristic of sulfates) was almost absent indicating that
the sulfided catalysts were not reoxidised during the transfer from the sulfiding

reactor to the XPS chamber.
2.6. Catalytic experiments

Syngas conversion was carried out in a fixed-bed flow reactor (Fig. 2.3)
using 3 g of sulfide catalyst, P = 5.0 MPa, T = 300-360 °C, mass flow rate 760 L h’
Y(gcat)?, and a feed gas composition of CO:H,:Ar = 45%:45%:10%. The catalysts
were evaluated for 4h at each temperature (steps of 20 °C) at T = 300-360 °C.
Every 4 h gaseous products were analyzed using a LHM-80 GC with a Thermal
Conductivity Detector (TCD) and two one-meter packed columns (molecular
sieves CaA (Ar, CH,, CO) and Porapak Q (CO,, C*)). Argon was used as an
internal standard for gas chromatography (GC). The liquid products (alcohols,
aldehydes, esters, etc.) were analyzed using a Crystal-2000M GC with a flame
ionization detector (FID) and a 50 m HP-FFAP capillary column. Carrier gas was
high purity helium for both GCs. The conversion of CO (X) was calculated as
follows.[ (Eq. 2.6):

After reaction

o) = 1 — 0 Eq. 2.6
Xe() = 1= 20 %100 q.2.

co

. A i
Where X, = syngas conversion and n/5°® and na/*""¢““**" = CO content.
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The selectivity in this reaction is calculated on a CO,-free basis
approximation, because the CO, is mainly formed in the course of water gas shift
or Boudouard reactions and is considered as a by-product, constantly affecting
selectivity of target products. That is why CO, was excluded from selectivity

balance calculations. CO,-free selectivity was calculated according to Eq. 2.7:

_ Si
SiCOZ free(%) = ﬁ X 100 Eq 2.7
2

where S°%27/7¢¢ _ CO, free selectivity to i component; S; — selectivity to i
component; S¢,, — CO; selectivity.
The carbon chain growth factor o; was calculated using Eq. 2.8:
Y,
e

a; = Y,
Zkzi?k

Eq. 2.8

where a; — chain growth factor for the intermediate with i number of carbon atoms;
Y — yield of the component with the k number of carbon atoms.

The factor «, is the probability of CO insertion to an intermediate containing one
carbon atom with the formation of an intermediate with two carbon atoms; a, that

of the next step of CO addition to the intermediate with two carbon atoms, etc.
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3. RESULTS AND DISCUSSION
3.1. Development of catalytic activity of Ki-Modified Cos;Mo0.,S/Al,O4

catalyst by coating alumina using graphene

The comparative study of the catalytic behavior of K-modified CoMoS,-
catalysts supported on Al,O3, carbon covered alumina (CCA) and graphene coated
alumina (GCA containing 0.4, 1.2, and 1.7% of graphene) in synthesis gas
conversion to higher alcohols has been carried out. Due to particular commercial
characteristics, alumina retains its placement as an important support for large
scale heterogeneous catalysts because of its developed mesoporous surface,
durability, thermal stability, and high packed density, besides, the good properties
of carbon materials as catalyst supports. Therefore, it is advisable to integrate the
good characteristics of both types of the supports. To this end, carbon-coated

alumina was synthesized as a support for heterogeneous catalysts.™***%°

A search of catalysts for HAS involves studying various factors such as the
nature of the support, textural characteristics, optimum composition of the active
phase, morphology, diversity, etc.l®! Al,Os, carbon coated alumina (C=1.7%) and
graphene nanostructured coated alumina with different wt. % (0.4, 1.2, and 1.7%)
were selected as supports to prepare K-Modified CoMoS, -catalysts by

simultaneous dry impregnation of the metal precursors.

Table 3.1. Textural characteristics of the supports and catalysts

Sample Stotal, M7 | Smicro, M9 | Smeso, Average pore diameter
m?/g (hm)
K-CoMoS,/Al,O3 91.00 0.00 91.00 13.64
K-CoMoS,/CCA 73.00 0.00 89.80 14.18
K-CoMoS,/GCA1 119.84 0.00 76.79 13.17
K-CoMoS,/GCA2 94.40 4.06 90.34 13.03
K-CoMoS,/GCA3 80.74 2.24 78.50 14.01
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The textural characteristics of alumina improved after coating by carbon and
graphene nanosheets of different wt. % because its total surface area increased
after coating by 1.7 % of graphene, whereas the pore diameter were almost stable
because graphene was prepared as two-dimensional sheets of varying thicknesses
(5-7 nm).1*¥24 The presence and amount of carbon influences the total surface
area (Table 3.1). The observed microporous structures in Cat-GCA2 and Cat-
GCAZ3 return to the micropore structures in graphene nanosheets. We believe that
the absence of micropores in the case of Cat-GCAL is due to the fact that the sheets
of graphene in the case of Cat-GCA2 (1.2%) and GCA3 (0.4%) form windows on
the surface of alumina. Because the graphene amount in GCAL is greater than in
Cat-GCA2 and Cat-GCAl, these windows are closed and therefore the
microporous structures disappeared from the surface. The targeted and measured

compositions of supported-K-CoMoS, catalysts are shown in Table 3.2.

Table 3.2. Elemental compositions of supported catalysts

Targeted composition (wt. %) Measured composition (wt. %)
Catalyst

K Mo Co K Mo Co
K-CoMoS,-Al,O3 | 10 12 3.7 9.5 10.8 4.7
K-CoMoS,-CCA | 10 12 3.7 8.0 13.8 3.6
K-CoMoS,-GCALl | 10 12 3.7 9.6 12.9 5.2
K-CoMo0S,-GCA2 | 10 12 3.7 11.8 14.1 3.6
K-CoMoS,-GCA3 | 10 12 3.7 11.8 13.1 3.8

The prepared GCA materials were characterized and identified using XRD,
HRTEM, and EELS datum.™® The surface morphology of K-CoMoS,/sup
characterized by SEM is shown in Fig. 3.1.
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Figure 3.1. SEM images of the K-CoMoS; catalyst supported on Al,03;, CCA, GCA1, GCA2,
and GCA3.

Fig. 3.1 shows that surface morphologies of the catalysts under study are
formed as agglomerated flower-like structures. In Cat-CCA, Al,Oz is well
crystallized with a partial coating by amorphous carbon prepared by pyrolysis and
a small agglomeration of the impregnated active phase. In Cat-GCAs, the coating
was not well visible because graphene is transparent. The images of Cat-CCA and
Cat-GCAs (Fig. 3.1) show a large number of bulges protruding above the surface
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of the partial coating. The EDX maps for the composition of the main elements of
the supported K-CoMoS; catalysts (S, Mo, Co, K, C, O) are shown in Fig. 3.2.

Mo lal
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Figure 3.2. EDX mapping of K-CoMoS; supported on Al,O3, CCA, GCAL1; GCA2, GCA3.

Element distribution maps (Mo, Co, K, and S) produced on the supported K-
CoMoS, catalysts surface entirely coincide, indicating that the components
constitute a single phase. Thus, all metals are in close contact with each other, and
molybdenum basically acts as a "sulfur protector” with some other phases of CoS,.
A larger agglomeration with lower dispersion of Mo and sulfur (MoS,) was
observed in Cat-GCA3, that is why we can expect lower catalytic activity of Cat-
GCA3 in HAS from syngas. TEM was used to examine the morphology and
structure of the sulfided catalysts. The morphology of the K-modified CoMoS,



54

catalysts supported on Al,O; and CCA in high magnification is shown in Fig. 3.3,
whereas the catalysts supported on GCAL, GCA2 and GCA3 in lower and higher

magnifications are presented in Fig. 3.4.

10nm
10nm

K-CoMoS,/Al,O3 K-CoMoS,/CCA
Figure 3.3. TEM images of the K-CoMoS; catalyst supported on pure alumina and CCA.

Figs. 3.3 and 3.4 show highly dispersed molybdenum disulfide crystallites
on various supports clearly visible as threadlike fringes in multilayer particles of
the K-CoMoS active phase with different stacking degrees (indicated by arrows
and circles in Figs. 3.3 and 3.4). Qualitatively, the stacking degree of Cat-Al,O;
increased after coating by amorphous carbon (Fig. 3.3) and graphene nanosheets
with different wt. % (Fig. 3.4). Assumingly, the stacking degree of Cat-Al,O;
increases because amorphous carbon and graphene are placed between alumina
and the K-CoMoS active phase (Fig. 3.5), which weakens the interaction between
them. All these factors promote growth of the number of vacancies in the active
phase, which decreases adsorption of hydride hydrogen and promotes production

of higher alcohols.™*
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Figure 3.4. TEM images of the K-CoMoS; catalyst supported on GCA1, GCA2 and GCA3
in lower (1um) and higher magnification (50 nm).
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Figure 3.5. Role of graphene in the GCA carrier for conversion of syngas via the K-
CoMoS; catalyst.

We Dbelieve that coating of Lewis acid sites of alumina with graphene
nanosheets leads to the decrease in the number of the sites favorable for the
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production of hydrocarbons. This assumption stems from the fact that acidity of

alumina decreased after covering by carbon and graphene (1.7%) (See Fig. 3.6).
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Figure 3.6. Acidity of the catalysts characterized by UV spectra of pyridine adsorption

The TEM images of Cat-GCAs and marked regions at higher magnification
(Fig. 3.4) show that graphene layers are ultra-thin. These are similar to the TEM
images of pure GCA published by ™. Moreover, the difference between the TEM
images of Cat-GCAs indicates the effect of graphene nanosheets on dispersion of
the K-CoMoS active phases. A large black aggregate of species was observed in
Cat-GCAs (see the lower magnification images in Fig. 3.4), which may be
attributed to the non-homogeneous coating of alumina by graphene nanosheets.
The EDX images confirmed uniform dispersion of the K-CoMoS active phase. The
observed homogeneously coated catalysts are arranged, depending on results of
acidity, in the order: Cat-GCA1 > Cat-GCA2 > Cat-GCA3.

Graphene nano sheets (1.7%) and amorphous carbon (1.7%) covered the Lewis
acid sites of alumina (Fig. 3.6). The unexpected increase in the acidity of Cat-
GCAZ2 (1.2 %) and Cat-GCAS3 (0.4%) attributed to the acidity of graphene and the
heterogeneous coating of alumina that was observed from TEM results. Moreover,
the low acidity of Cat-CCA (1.7%) compared with Cat-GCA1 (1.7%) attributes to
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the ability of amorphous carbon (CCA) in covering the Lewis acid sites more than

graphene nano sheets due to its small thickness.

Catalytic performance of the K-CoMoS, catalysts supported on Al,O3, CCA
(1.7%) and GCA1 (1.7%) at 300, 320, 340, and 360 °C is illustrated in Figs. 3.7,
3.8, and 3.9. Testing of the catalytic systems used in syngas conversion at 300 -
360 °C and 5 MPa indicated that amorphous carbon and graphene enhanced

catalytic performances of Cat-Al,Os.

All catalysts under study predominantly produced alcohols, especially those
containing carbon and graphene, possibly due to the ratio of basal, corner and
surface sites of the catalyst, observed in the TEM images, responsible for forming
more active sites, which then enhances catalytic activity in HAS. Additionally, the
promoter (Co) acts as electron density acceptors on the Sulfur edge of the
crystallites, thereby decreasing the hydrogenation reaction and deactivating the
sulfur edge, as well as leading to the increased selectivity towards alcohols owing
to hydrocarbon. K metals in the active phase also suppress the hydrogenation
reaction and increase activity of active sites in charge of alcohol synthesis because
they are inserted between the layers of the MoS, crystallite and increase the
stacking number (Maximov et al. 2020; Wang et al. 2017; Badwal et al. 2015).1> *3
U However, the obtained results (Fig. 3.7 a) illustrate a positive correlation

between syngas conversion and temperatures (300-360 °C).
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Figure 3.7. Catalytic performance over K-CoMoS; catalysts supported on Al,O3, CCA (1.7
%) and GCA (1.7%) under the same conditions. a) CO conversion; b) total liquid yield; c)
yield ratio between alcohols and hydrocarbons. Reaction conditions: T = 300-360 °C, P =5
MPa, GHSV = 760 L h™* gcat™, H,/CO = 1.0.

CO conversion over Cat-Al,O; increased after alumina covering by
amorphous carbon (1.7%) and graphene nanosheets (0.4, 1.2, and 1.7%). It could
be due to the important role of carbon and graphene in stabilizing the structure of
the K-CoMoS active phase, since the spectroscopic results (Fig. 3.4) and literature
data confirm this phenomenon.™**°2%>3 Carbon materials placed between alumina
and the K-CoMoS active phase (Fig. 3.5) decrease the interaction between them by
covering the Lewis acid sites. Higher CO conversion over Cat-GCA1 (1.7 %)
compared to Cat-CCA (1.7 %) can be attributed to the characteristics of graphene
that exhibits high electron mobility, optical transmittance, and high specific surface

area because of its two-dimensional and single-layer uniform structure shaped
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from carbon atoms (sp>-hybridized), with a thickness of 5-7 nm.**#152153 These
properties of graphene supports lead to the highest dispersion of the K-CoMoS
active phase and to the lowest metal-support interaction compared to carbon in
Cat-CCA and Cat-Al,Os. Fig 3.7 b also shows a positive correlation between
catalytic reaction temperatures and the total liquids yield (TLY) for HAS from
syngas. Catalytic activity over K-CoMoS,/sup follows the order of Cat-Al,O;3 <
Cat-CCA (1.7%) < Cat-GCAL1 (1.7%). Moreover, the above characteristics of
graphene suppress adsorption of hydride hydrogen and increase activity of the
active sites responsible for HAS (basal, corner and surface sites). Fig. 3.7 ¢ shows
the ratio between yields of alcohols and hydrocarbons (Y ronmcs) for Cat-Al,Og,
Cat-CCA, and Cat-GCA1. A negative correlation was observed between the yield
ratio of alcohols to hydrocarbons and reaction temperatures. This result can be
attributed to the positive effect of a higher temperature that increases adsorption of
hydride hydrogen, which in turn increases production of hydrocarbons.**? The
yield ratio (Yrownmcs) increases in the order of Cat-Al,O; < Cat-CCA (1.7%) < Cat-
GCA1 (1.7%). The highest YRronmcs for Cat-GCAL can be explained by the above
characteristics of graphene. Effects of graphene wt. % in graphene coated alumina

on catalytic performance over Cat-GCAs are presented in Figs. 3.8 a, b, and c.
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Figure 3.8. Relationship of a) CO conversion; b) total liquid yield (TLY) and ¢) YRrow/mcs ON
wt. % of graphene nanosheets in Cat- GCAs. Reaction conditions: T = 300-360 °C, P = 5
MPa, GHSV = 760 L h™ gcat™, H,/CO = 1.0. Catalytic test: Syngas conversion.

The results shown in Fig. 3.8 evidence that the homogeneous coating of
alumina by graphene led to the increase in CO conversion: Cat-GCA3 (0.4%) <
Cat-GCA2 (1.2%) < Cat-GCA1 (1.7%). Fig. 3.8 b indicates that the highest CO
conversion observed over Cat-GCA1 at 360 °C and CO conversion over Cat-GCA2
at 300 and 320 °C are almost the same. TLY % shows a positive correlation with
wt. % of graphene at all reaction temperatures, except for 300 °C. TLY % for Cat-
GCAZ2 and Cat-GCA3 is almost the same. The total liquid yield of Cat-GCAl
(Figure 3.7 b) and CO conversion (Figure 3.8 a) decreased at 340 and 320 °C,
respectively; this result might be attributed to the slight mutation of active sites
during the reactions. This expectation can only be confirmed by tracing the active
phase during the reaction by high resolution transmission electron microscopy. The
results don’t indicate deactivation of the catalysts because the catalysts reactivated
again at 360 °C. The vyields of alcohols synthesized over Cat-Al,O;, Cat-CCA
(1.7%) and Cat-GCAL (1.7%) are given in Fig. 3.9.
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catalysts at 360 °C. Time of reaction = 16h.

The extent of distribution of the synthesized alcohols from syngas over the
supported-K-CoMoS, catalysts is important and depends on various factors: (i)
ratios between K, Co, and Mo; (ii) nature of carriers; (iii) reaction conditions; (iv)
type of HAS bed reactor, including the height and radius. From Fig. 7, it is quite
obvious that the liquid products generated by Cat-Al,O;, Cat-CCA and Cat-GCAs
consist mostly of methanol, ethanol, propanol-1, butanol-1, amylalcohol-1, iso-
butanol, and iso-amylalcohol. Ethanol, propanol-1, methanol, and iso-butanol were
predominant alcohols in the collected liquids and the byproducts comprised mainly
amylalcohol-1 and iso-amylalcohol. Propanol-2 and butanol-2 were not produced
over all the supported catalysts under study in all reaction conditions. Coating of
alumina by graphene nanosheets improved the yield of all synthesized linear
alcohols. Also, the yield of ethanol, propanol-1 and amylalcohol-1 increased after
coating of alumina by amorphous carbon. In contrast, coating of alumina by
amorphous carbon (1.7%) decreased the yield of methanol, iso-butanol, and iso-
amylalcohol. The behavior of Cat-CCA towards iso-butanol and iso-amylalcohol is
related to the lowest acidity of Cat-CCA (see Fig.3.6) because the isomerization

occurs on the acid sites of the catalyst. Increasing the yield of ethanol and
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propanol-1 with a small amount of methanol (toxic) is considered as an important
result and has commercial benefits since this mixture can be used directly as a fuel
or octane number improver. Nowadays, the majority of engines can run with at
least 10% ethanol added into the fuel (E10).1* * ®1In many regions of the world, it
IS permitted to use a blend of a mixture of alcohols (C1 - C10) (BP < 210°C) with
gasoline. The methanol content must be low due to its toxicity. The dependence of
alcohols distribution over Cat-GCAs catalysts on the weight percentage of

graphene nanosheets is shown in Fig. 3.10.
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Figure 3.10. Dependence of alcohols distribution on wt. % of graphene in Cat-GCAs at
360 °C. Time of reaction = 16h.

The yield of ethanol from syngas shows a positive correlation with graphene
wt. % in GCA (Fig. 3.10). Cat-GCA2 (1.2 %) has optimum wt. % of graphene for
producing all alcohols, except for ethanol. This result can be explained by the
micropore structures of GCA2 compared to counterparts. Such characteristics
contribute to the formation of sites favorable for HAS (this phenomenon with more
details will be discussed in section 3.2). Over Cat-GCAZ2, the yield of propanol-1
was found to be higher than that of ethanol. Yields of C4+.OH (butanol-1 and iso-
butanol) and Cs,OH were not affected by the increase in wt. % of graphene in
GCA. The methanol yield slightly increased between 1.2 and 1.7% of graphene.
There is a controversy in the enhancement of the C3,OH yield from synthesis gas

over K-modified CoMoS, catalysts. A series of unsupported K-modified CoMoS,
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catalysts with various Cobalt content to investigate the role of Co in the synthesis
of C3,OH from syngas were studied.''® The highest alcohol selectivity (47.1%)
was found with a Co/(Co+Mo) molar ratio of 0.13. We expect the yield of Ca,
alcohol to improve if the same molar ratio of cobalt supported on GCA2 (1.2 %) is
used. The selectivity (Free CO,) towards C,., C,, and alcohols from syngas test is

presented in Fig. 3.11.
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Figure 3.11 Selectivity of C;., C,+ and different alcohols (CO, excluded) for Cat-Al,O3, Cat-
CCA (1.7%), and Cat-GCA (1.7%). Reaction conditions: T = 360 °C, P = 5.0 MPa, CO: Hy:
Ar = 45:45:10 gas at 760 L h™-g cat™, catalyst loading 3 grams. Time of reaction = 16h.

The selectivity was calculated in the CO,-free basis approximation since the

CO, byproduct is mainly formed by the WGS.!! In the present study, the selectivity
for linear primary alcohols over Cat-Al,O3; enhanced when alumina was coated by
carbon and graphene nanosheets (Fig. 3.11) and, otherwise, the selectivity of Cy.
and C,, over Cat-Al,O; decreased. These results can be explained by the decrease
of the interaction between alumina and the K-CoMoS active phase due to the
intermediate carbon layer inhibiting hydride hydrogen adsorption. GCAs were
found to act better than CCA in increasing the selectivity for linear primary
alcohols and decreasing the selectivity for light hydrocarbons. Linear primary
alcohols are synthesized by carbon monoxide insertion,™®@ whereas branched
alcohols are prepared by CHx [-addition and CO insertion. The selectivity of
supported K-CoMoS, catalysts for iso-alcohol follows the order of Cat-GCA <
Cat-Al,0; < Cat-CCA. Graphene nanosheets exhibited opposite behavior with

respect to iso-alcohols because graphene nanosheet supported catalysts did not



form a surface favorable for CHx [-addition compared to CCA and Al,Os.
Furthermore, the selectivity for n-propanol ranks directly after ethanol over all
supported catalysts because it was formed by both routes (CHx B-addition and CO
insertion). From Fig. 3.11, the selectivity for C,. was found to be higher than for
C,. over supported-CoMoS, catalysts because C,Hs" species tend to follow the
pathway of alcohol more than CH5". Linear secondary alcohols such as propanol-2
and butanol-2 were not observed in contrast to the literature results.***'* The

dependences of selectivity of linear and branched alcohols, as well as light
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hydrocarbons on graphene weight % are shown in Fig. 3.12.
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The selectivity for low chain linear alcohols (methanol and ethanol)
dramatically increased with the increase in graphene weight %, whereas propanol-
1 and amyl alcohol-1 showed the opposite trend (Fig. 3.12 a). The selectivity for
butanol-1 did not change as function of graphene wt. %. A negative correlation
between graphene wt. % and selectivity for the detected iso-alcohols (iso-butanol
and isoamyl alcohol) was observed (Fig. 3.12 b). Nonetheless, the selectivity for
C,+ showed a negative correlation with graphene wt. % contrary to C,. (Fig. 12 c).
The selectivity towards ethanol decreased in the order of Cat-GCA1 > Cat-GCA2
> Cat-GCA3. Cat-GCA2 exhibited the highest selectivity for propanol-1. whereas
the abnormal selectivity of Cat-GCA2 towards propanol-1 and amyl alcohol-1
(Fig. 3.12) can be explained by the micropore structures on the surface of the
catalyst. The results confirm the validity of our unusual finding in section 3.2:
microporous supported K-CoMoS, catalysts are more active than mesoporous
ones. A few published studies reported the benefits of the coating of alumina by
carbons as a catalyst support for molybdenum oxideM®?***®! and sulfided
forms™** in syngas conversion, Fischer-Tropsch and hydrodesulfurization
reactions. The authors suggest that a combination of physical and chemical
properties of both supports will produce higher quality supports since alumina
retains its advantage as the main carrier for commercial heterogeneous catalytic
systems due to several characteristics: (i) high packed density; (ii) developed
surface, (iii) stability at high temperature and pressure; (iv) durability. So, it is
advisable to combine the positive properties of both supports. That is why
graphene-coated alumina was synthesized as a carrier for K-CoMoS, catalysts with
a view to find a solution to the large thickness of amorphous carbon, which may
fail to form a homogenous uniform coating of Lewis acid sites of alumina and
accelerate hydrogenation. It is notable to mention that carbon coated alumina
materials were studied previously for several applications as catalysts or catalyst
supports. However, graphene nanosheets used as intermediate carbon supports to

improve HAS from syngas have not been studied yet.
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The GCAL catalysts are characterized by a higher stacking number and slab
length compared to the Al,O; and CCA samples (Table 3.3 and 3.4). These results
attribute to the weak interaction between active phase and GCAL support. The
relative content of mono- and bi-layered crystallites increases in order Cat-Al,O3; <
Cat-CCA < Cat- GCAL. Whereas, the content of 3, 4, 5, and 6, and 7 stacked slabs

of Cat-GCA1 were found to be higher comparing with the counterparts.

Table 3.3. Distributions of stacking number of MoS; particles

Stacking Number 1 2 3 4 5 6 7 8

Cat-Al,0; 435 [ 435(109 ] 17 | 03 | 0.0 0.0 0.0

Relative content, % Cat-CCA 39.2 [ 369|184 | 1.7 1.1 1.8 [ 0.7] 0.3

Cat-GCA1 376 | 350[200] 24 | 08 | 20 |14 | 0.8

Table 3.4. Distribution of MoS; slabs by length
<2 | 2.4 ] 4.6 | 6..8 [8...10 | >10

Particle length

Cat-AlLO5 1.0 | 29.8 45.7 17.2 4.6 17

i 0
Relative content, % Cat-CCA 05 | 236 38.4 20.4 9.5 7.7
Cat-GCA1 0.3 | 182 39.4 22.8 10.8 | 85

The Cat-CCA and Cat-GCAL show high content of 8-stacked slabs. The
highest content of particle length more than 10 nm has been observed for Cat-
GCALl. The observed catalytic performance of Cat-GCA1l explains by “Rim-
Edge” model.'*® According to the model, changing the height/diameter ratio of the
crystallite controls the relative quantity of active sites and consequently affects
catalytic performance. Carbon and graphene coated alumina based catalysts
contained a higher proportion of multilayered (CoMoS-Il) phase comparing with
Cat-Al,O; that attributed to active support-phase interaction. Thus, increasing the
crystallites' linear dimension and stacking number resulted in an increase in
catalytic performance because this morphologies contain higher ratio of basal,
corner and surface sites of the catalyst which are promote HAS as well as ethanol

conversion to other oxygenates.
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3.2. Effect of textural characteristics on the catalytic performance of

supported-K-CoMoS; in higher alcohols synthesis from syngas

The influence of textural characteristics on the catalytic performance of sup-K-
CoMoS, catalysts was studied using four types of supports: mesoporous materials
(Al,03 and CCA) and microporous powder activated carbons (AG-3 and BAW) to
provide essential information for the design of better catalysts for higher alcohols
synthesis (C1 - C5) from syngas.

Elemental analysis data are presented in Table 3.5. The molybdenum content
in the samples varies from 14 to 16 % wt.

Table 3.5. Composition of prepared catalysts

Content (wt. %) Molar ratio
Catalyst

Mo K Co r* t**
K-CoMoS,/Al,03 15.8 10.2 51 0.34 1.03
K-CoMoS,/CCA 144 11.6 4.7 0.34 1.30
K-CoMoS,/AG-3 14.9 12.3 5.7 0.39 1.24
K-CoMoS,/BAW 14.8 12.0 5.2 0.36 1.27
r* = Me/(Me+Mo) molar ratio
t** = K/(Me+Mo) molar ratio

The promotion degree r = Me/(Mo+Me) [molar ratio] ranges from 0.34 to 0.39.
The modification degree t = K/(Me+Mo) [molar ratio] ranges from 1.03 to 1.30.
The detected ratios between Co and Mo were found to be similar to the optimum
ratio for HAS in literature under the same reaction conditions and very closed to
the targeted contents. Textural characteristics of supports and supported catalysts

are shown in Table 3.6.
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Table 3.6. Textural characteristics of supports and catalysts

Sample St(z)tal szicro szso* Vt(;tal Vm;cro Vmes;)**

m°/g m°</g m°/g cm’/g cm’/g cm’/g
Al,O3 161 0 161 0.65 0.00 0.65
K-CoMoS,/Al,03 91 0 91 0.29 0.00 0.29
CCA 156 13 143 0.63 0.01 0.63
K-CoMoS,/CCA 73 0 73 0.26 0.00 0.26
AG-3 854 753 101 0.45 0.35 0.10
K-CoMoS,/AG-3 164 137 27 0.09 0.06 0.03
BAW 753 642 111 0.39 0.26 0.13
K-CoMoS,/BAW 404 365 40 0.23 0.16 0.07

Steso™ = Stotal = Smicro;

*k — .
Vmeso - Vtotal - lecro

Table 3.6 shows the specific surface area (Sy) Of the support materials
increases in the order CCA < Al,0O; < BAW < AG-3 and total pore volume
decreases in the order Al,O; > CCA > AG-3 > BAW. Alumina does not contain
micropores at all, and the specific surface area for the micropores of the other
supports increases in the order Al,O; < CCA < BAW < AG-3. The micropore
volume increases in the order CCA < AG-3 < BAW. The Al,O; and CCA contain
almost only mesopores (pore diameter: 4 - 50 nm), whereas AG-3 and BAW
mainly contain micropores. Loading the sulfides onto the support materials leads to
a significant decrease in pore surface and volume for all catalysts. The N,

adsorption/desorption isotherms for the support materials and the supported K-

CoMoS; are shown in Fig. 3.13.
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Figure 3.13. N, adsorption-desorption isotherms for Al,03;, CCA, AG-3, BAW carriers and
corresponding K-CoMoS, supported catalysts. Catalytic samples abbreviated as Cat-carrier
(Carrier = Al,03, CCA, AG-3, BAW).
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The alumina-based supports (Al,O3; and CCA) showed N, uptake limitation at
high values of relative pressures (P/Py) and typical curves for type IV adsorption
isotherms with H1 type hysteresis.?* This type of isotherm is typical for
mesoporous samples with capillary condensation inside the mesopores. H1 type
hysteresis is attributed to materials consisting of agglomerates with narrow pore
size distribution. Agglomerate is defined as an assemblage of particles rigidly
joined together and an aggregate as an assemblage of particles which are loosely
coherent. Adsorption isotherms for the activated carbons (AG-3 and BAW) differ
significantly from those for the alumina-based support materials. AG-3 exhibited
high uptake even at low relative pressures, (P/Pq 0.1-0.2) and a type | isotherm
with H4 type hysteresis, typical for microporous material. BAW shows a type 1l
isotherm with H4 type hysteresis. The horizontal plateau at high relative pressure
values (P/P, ~ 0.9 - 1) indicates a large amount of micropores with narrow pore
size distribution. H4 type hysteresis is often associated with narrow slit-like pores.

Cat-Al,0O5 and Cat-CCA showed type H, hysteresis. This type of hysteresis is
explained by difference of N, adsorption/desorption mechanisms that take place in
wide pores with a narrow neck (‘ink bottle' pores). The observed tails (low pressure
hysteresis) in isotherms of the catalysts indicate either interaction of adsorbate
molecules (N,) with the catalyst surface, or existence of pores of the sizes
comparable to the adsorbate molecule size. For active carbon supported catalysts,
the presence of the active phase affects neither the isotherm nor the hysteresis type,
but it does decrease the surface area and pore volume.

Qualitatively, the adsorption isotherms for our activated carbon-based
microporous materials and corresponding catalysts, with their typical inflection
points, are very similar to those for analogous microporous materials presented in
Fig. 1 and 2 of.™ Loading of the support material with the active phase reduces

both specific surface area and pore volume (Fig. 3.14 a, b).
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and micropores in the K-CoMoS, catalysts supported on different carriers (Cat-carrier) for

specific surface area (Smeso, Smicropore) (C) and for pore volume (Vmeso, Vmicropore) (d). The plots
are color-coded.

The ratio between micro- and mesopores of the investigated catalysts is clearly
seen from Fig. 3.14, where Fig. 3.14 ¢ and d show the surface area and pore
volume of micro- and mesopores, respectively.

The SEM images of the supports and supported catalysts are shown in Fig.
3.15 Additional images are show in Figs 3.16, 3.17, and 3.18.
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Figure 3.15. SEM images of supports and supported K-CoMoS; catalysts
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Figure 3.16. SEM images of giant agglomerations of K-CoMoS; crystallites
supported on mesoporous Al,O3 and CCA.
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Figure 3.18. SEM images of the BAW support.

The SEM image of the alumina support shows multiple fine particles with
some larger agglomerates. During coating with carbon, the surface is smoothed out
and larger features become more visible. In both cases, the surface of the prepared
catalyst is dominated by a smooth gel-like phase with dotted fine particles and a
few large nano crystal agglomerates. The observed particles are significantly larger
than in the original alumina. The AG-3 sample consists of numerous small platelets
dotted with small holes. The platelets form fairly large agglomerates with pores
between them. The platelets in the prepared catalyst are not visible, the surface is
smooth, and no crystalline particles are visible. Only larger pores are observed.
The BAW support inherited from the parent timber rather large cylindrical pores
with relatively smooth walls. The cylinder walls are dotted with small holes.
Macropores are embedded in a microporous matrix with an irregular cross-section.
During the catalyst preparation, the rough cross-section is replaced by the smooth

surface and the walls of the large channel become uneven. In all cases, crystallites
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of the active phase are small (normally below 5nm) and can be observed only at
high magnification.®"

The surface morphology of AG-3 is typical for activated carbons,****! showing
wide developed surface with pores partially covered by fine layers of carbon.
BAW shows a well-ordered macro channel structure. Representative HRTEM

images of the catalysts under study are shown in Fig. 3.19.

K-CoMoS,/Al;04 K-COMOS/CCA

20mnm

K-CoMoS,/AG-3 K-CoMO0S,/BAW
Figure 3.19. HRTEM micrographs of sulfided K-CoMoS,/Sup catalysts

MoS, dispersion (D) was statistically evaluated by dividing the total number
of Mo atoms at the edge surface (Mo), including corner sites (Mo.), by the total
number of Mo atoms (Mo+) using the slab sizes measured from the TEM

micrographs according to Eq. 3.1:
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6n. —6
_ Mo, +Mo, Z :

— _ =Lt
Mo, > 30" -3n,+1 Eq.3.1

i=1.t

D

where n; is the number of Mo atoms along one side of the MoS, slab, as
determined by its average slab length (nm), and t is the total number of slabs in
the TEM micrographs.

The number of slabs per stack was determined to obtain the average stacking

degree (N ), Eq. 3.2

N == Eq. 3.2

where n; is the number of stacks in N; layers.

The black, thread-like fringes are the MoS, slabs (Fig. 3.19). The fringes
observed in the images were approximately 0.65 nm apart, matching the
characteristic (0 0 2) basal planes of crystalline MoS,. To calculate the average
dimension of the MoS, phase (Table 3.7), the HRTEM statistics were done. From
Table 3.4, the average dimension of the MoS, phase varied from 6.6 to 24.5 nm,
and the average stacking number in the MoS, crystallites varied from 1.6 to 3.8.
Carbon-contained catalysts are characterized with higher stacking number and
average slab length compare to alumina-based sample. CCA shows an increase in
stacking as compared to bare Al,O5. The number of stacked crystallites on BAW is
larger than on AG-3. As was discussed in the introduction, increasing the stacking
degree leads to an increase in vacancies and corner sites in the active phase, which
decreases adsorption of hydride hydrogen.

Table 3.7. Morphological characteristics of supported-K-CoMoS, catalysts

Morphological characteristics

Catalyst Average length L Average stacking Dispersion of MoS,
(nm) number N particles D
K-CoMoS,/Al,03 6.6 1.6 0.24
K-CoMoS,/CCA 11.7 3.8 0.21
K-CoMoS,/AG-3 17 2.8 0.18

K-CoMoS,/BAW 24.5 3,2 0.12
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The data in Fig. 3.20 were obtained from HRTEM statistics. The ACs
supported catalysts are characterized by a higher stacking number and average slab
length compared to the alumina and CCA samples, these results attribute to the
active phase's interaction with the support being weakened, also forming of MoS,

crystallites out of pores.
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Figure 3.20. Distributions of slab lengths of MoS, particles and of stacking number of MoS,
particles for sulfided catalysts.

The relative content of mono- and bi-layered crystallites of Cat-AG-3 and Cat-
BAW were found to be almost half of Cat-Al,O; and Cat-CCA. On the other hand,
the content of 3, 4, 5, and 6, and 7 stacked slabs of BAW and AG-3 were found to
be higher comparing with the counterparts. Only the Cat-BAW shows high content
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of 8-stacked slabs. The highest content has been observed for particle length
between 4-6 nm in all catalysts except in Cat-BAW, the highest content has been
determined for particles which are lengthier than 10 nm. The dispersion results in
Table 3.4. and Fig. 3.20 confirmed the higher agglomeration of BAW and AG-3
that have been characterized by SEM.

The chemical species present on the surface of K-CoMoS,/Sup catalysts were
evaluated by XPS. The Mo 3d spectra (Fig. 3.21) contain three Mo 3d doublets.®™
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Figure 3.21. XPS Co 2p and Mo 3d spectra recorded for sulfided K-CoMoS,/Sup catalysts. Sup
= Al,O3, CCA, BAW, AG-3. for Co 2p spectra in blue: Co?" oxide contributions; in green: CogSg
contributions; in grey: CoMoS phase contributions; for Mo 3d spectra in blue: Mo®" oxide
contributions; in pink: MoS,Oy contributions; in grey: MoS, contributions.

The Mo 3ds,, and 3ds, doublet with BE at 228.8 and 232.0 eV, respectively,
corresponds to the Mo** in MoS, phase species. The doublet with BE equal to
230.0 and 233.2 eV is related to Mo’* in the MoS,O, oxysulfide species and,
finally, the doublet at 232.1 and 235.3 eV belongs to the Mo®" oxide species. The
peak at BE of 226.1 eV is assigned to S 2s. The spectral region of Co 2ps, (Fig.
3.21) contains three peaks with their respective satellites. The peak at BE of 778.6
eV is related to cobalt in the CoMoS species. The signals at 778.1 and 781.5 eV
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correspond to the CogSg particles and to Co? in an oxidic environment,
respectively.®™

The decomposition of the XPS spectra revealed the metal distribution for Co
and Mo species (Table 3.8). K-CoMoS,/Sup catalysts are characterized with a
comparable sulfidation degree: the relative amount of cobalt in CoMoS phase was
in the range of 19-34 rel. % and molybdenum in MoS, particles at the level of 73-

94 rel. %.



Table 3.8. Metal distribution for Co and Mo species present at the surface of sulfided K-CoMoS,/Sup catalysts

Catalyst CcoMos Co percentage (%) Mo percentage (%) Co/Mo ratio

(Wt. %) CoMoS  Co¢Sg Co** MoS,  MoS,0, Mo®* (Co/MO)siay~ (CO/MO)edge
Cat-Al,03 0.63 26 65 9 88 6 7 0.14 0.58
Cat-CCA 0.22 19 64 17 74 9 18 0.11 0.51
Cat-AG-3 1.67 34 45 22 9 0 6 0.16 0.79
Cat-BAW 1.17 31 44 25 73 13 13 0.22 0.87

82
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As it follows from Fig. 3.22 (a, b, ¢, d), the acidity of the catalysts decreases
with an increase of micropore specific area (Fig. 3.22 a and b) and pore volume

grows depending on increasing of mesopore growth (Fig 3.22 ¢ and d).
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Figure 3.22. Dependences of acidity of catalysts on micropore specific surface area (Smicro)
(a); micropore volume (Vmicro) (b); mesopore specific surface area (Smeso) (C); and mesopore

volume Vieso ().

Acidity of the supports and catalysts are given in Fig. 3.23. It was shown
that the micropore amount is favorable for catalyst activity, whereas the mesopore

amount affects it negatively.
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From Fig. 3.23, acidity of the supports and catalysts (black and red lines,
respectively) increased in the order BAW < AG-3 < CCA < Al,Os;. Carbon-
supported sulfided catalysts show higher acidity than the bare support materials.
Only for pure alumina, acidity decreased upon addition of the active phase.
Presumably, the active phase K-CoMoS, possesses its own acidity, much less than
that of alumina but higher than of other C-containing materials.

Fig. 3.23 shows that acidity is detrimental for CO conversion: the catalyst that
shows the highest acidity (Cat-Al,O3) gave the lowest CO conversion (30.3%),
whereas the catalyst that shows the lowest acidity (Cat-BAW) showed the highest
CO conversion (43%). The carbon on the CCA decreases acidity of Al,O; (Fig
3.23) which promotes CO conversion.

The optimum carbon loading for alcohol production on the CCA support is
1.7%." 1t was established that carbon does not coat the surface of alumina
uniformly if its content is below 5 wt. %, as the organic precusors adsorb
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preferably on Lewis sites™* and block them. The oxidic precursors for the active
phase can only adsorb on the remaining carbon-free alumina surface, leading to
sulfide crystallites with a higher stacking number.

The reaction network of alcohol formation on K-CoMoS, catalysts was
investigated both experimentally and computationally,'*? showing that carbon
monoxide adsorbs on a surface vacancy via its carbon atom (C-metal interaction)
before being partially hydrogenated, leading to the extension of the C=0 bond
length. As a result, oxygen can coordinate with potassium ions present between
MoS, layers, as shown by IR-spectroscopy.*? Oxygen coordinated on K* stabilizes
the alkoxyl intermediate and protects the sigma C—O bond from hydrogenolysis, in
order to form an alcohol group. An alkyl fragment can react to form an alkane or
undergo a chain-growth reaction with a new carbon monoxide molecule inserted
between the transition metal atom and the adsorbed carbon atom.

Strong interaction between active phase and different types of carriers can lead
to different electronic states on potassium and cobalt atoms. Acidic sites on the
support also influence the catalytic activity. Toyoda et al.®! and Morrill et al.*
showed that a high content of strong acid sites leads to impeding of alcohol
formation and accelerates hydrogenation reactions.

The selectivity for CH, was found to be higher than that for C,. for all catalysts
(Fig. 3.24). Furthermore, a positive correlation has been noted between the
methane selectivity and micropore surface area and volume (see textural results in
Table 3.6). EtOH was the main product for all supported-K-CoMoS, catalysts (Fig.
3.24).
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Figure 3.24. Selectivity for different alcohols, CH,, and C,+ HC over the supported K-
CoMoS; catalysts. Reaction conditions: T = 360 °C, P = 5.0 MPa, CO:H:Ar = 45:45:10 gas
at 760 1'h™-(kg cat) ™, catalyst loading 3 grams.

The selectivity towards methanol, ethanol, and propanol-1 decreases in the
order Cat-BAW > Cat-AG-3 > Cat-CCA > Cat-Al,0;. Cat-BAW did not produce
any i-butanol or i-pentanol, whereas the Cat-CCA supported catalyst showed the
highest yield of i-pentanol alcohol. The highest selectivity for CH, and C,.
hydrocarbons was observed at 360 °C. The methane selectivity depends on the
catalyst support nature and increases in the order Cat-CCA < Cat-Al,O; < Cat-AG-
3 < Cat-BAW (Fig. 2.24). The ratio between yields of alcohols and hydrocarbons

(YronmHcs) for our catalysts is given in Fig. 2.25.

W Cat-AG-3
m Cat-Al203

YROH/HC

Cat-CCA

m Cat-BAW

Figure 3.25. Alcohols/hydrocarbons yield ratio (Ygronmcs) at different temperatures. For

reaction conditions see Fig. 3.24.

The yield ratio between alcohols and hydrocarbons increases in the order
Cat-AG-3 < Cat-Al,0; < Cat-CCA < Cat-BAW (Fig 3.25). The highest Y gronmHcs
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for Cat-BAW can be attributed to its highest total and micropore surface area, as
well as micropore volume (Table 3.3 and Fig. 3.14 a). In general, high surface area
(BAW=500 m? g*) increases catalytic performance of AC-supported catalysts, as
well as their stability in basic or acidic media and towards severe reaction
conditions such as high pressure and temperature. In the case of our K-CoMoS,
catalyst, minimal active phase-support interaction is also beneficial.>>**? Y gopmcs
increased when coating alumina with carbon, due to lower active phase-support
interaction. The dependence of the HC chain growth coefficient ai on a carbon

atom number (i) in the chain of intermediate products is given in Fig 3.26.

Chain growth factor o
08

0.6
0.4
0.2

o 0.0
c -t-C-:CA carAG3 oAV
Cat-ALO, ~2
Figure 3.26. Chain growth factors a; for steps i=1, 2, 3, 4 over the K-CoMoS; catalysts
supported on Al,03, CCA, AG-3 and BAW. For reaction conditions see Figure 3.24.

Cat-CCA shows maximum o4 for alcohol formation. Cat-Al,O; shows
maximum o, and oz, and Cat-BAW showed maximum o4 (Fig. 3.26). It has to be
noted that in spite of high values of a;, o, and o3 for alumina- and CCA-supported
catalysts, their alcohol yield was lower than for the AC-supported catalysts. All
previously discussed results relate to the textural characteristics of the catalysts,
particularly Smicro, Vimicros Smesor @Nd Vineso. Microporous catalysts were found to be
more active regarding CO conversion than mesoporous catalysts (see Fig. 3.27).
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Figure 3.28. 3D plots of CO conversion, %, depending on (a) surface area of micro- (Smicro)
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Fig. 3.28 (a and b) shows the relation of CO conversion to total meso- and
micropore specific surface area and volume. It is seen that dependence of CO
conversion on Ve, grows essentially faster than on Sy In the interval from Cat-
Al,O; to Cat-CCA. The following changes of CO conversion vs micro- and
mesopore surface area and volume look similar on (a) and (b) plots. The observed
difference can be explained by amorphous carbon present on the alumina surface
of the CCA support as described earlier.

If we assume a simplified cylinder model for a mesopore (Fig. 3.29 a) with
amorphous carbon covering its internal surface (Fig 3.29 b), we can see that a
decrease of the pore volume will be less impactful than a reduction of the internal
surface (Fig. 3.29 c).
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Figure 3.29. Simplified cylinder-type model of a mesopore in Cat-Al,O; and Cat-CCA. (a)
empty Al,O3 mesopore, side view; (b) a mesopore with carbon deposited on its internal surface
to form CCA, side view; (c) a mesopore with carbon deposited on its internal surface to form

CCA, top view; (d) amorphous carbon filling up part of the mesopore volume in CCA, side view.

As the CO conversion versus the mesopore specific surface increases more
than versus the mesopore volume for Cat-CCA compared to Cat-Al,O3, carbon
cannot fill the entire volume of the mesopores of the Cat-CCA as depicted in Fig
3.29d. Covering of a mesopore wall by monolayer (less probable case) or by
islands (more probable case) of amorphous carbon results in the decrease of
hydroxyl groups of alumina in the CCA carrier and thus decreases the interaction
between the active phase and the support material, leading to increased catalyst
activity in CO conversion.

Next to the CO conversion, the yield of alcohols also correlates with the

micropore surface and volume, as is demonstrated in Fig. 3.30.
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Figure 3.30. Dependences of alcohol yield on micropore specific surface area (Smicro) (2);
and pore volume (Vnmicro) (b) at 360°C.

The plateau reached by the alcohol yield in correlation with the micropore
structure of Cat-AG-3 and Cat-BAW indicates optimal size of the micropores. In
contrast, dependences of catalytic activity on the mesopores specific surface area
(Smeso) @nd pore volume (Vmeso) demonstrate an opposite trend: fewer mesopores

result in higher catalytic activity (Fig. 3.31).
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Figure 3.31. Dependences of the alcohol yield on the meso + macropores specific surface area
(Smicro) (2); and pore volume (Vmicro) (b) at 360°C.

Surisetty et al. ?® on the contrary, found that mesoporous carbon as a
support gives higher activity than microporous carbon. Mesoporous MWCNT as a
support for alkali-modified trimetallic Co—-Rh—Mo sulfide catalyst gave higher
catalytic activity and selectivity for the alcohol formation from syngas than
microporous AC. They postulate that the CO conversion and alcohol yield are

related to the textural properties of the support such as pore size and mesoporosity
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rather than its surface area and pore volume. They also find that dispersion on
mesoporous MWCNT is lower than on microporous AC. This corroborates our
findings of large CoMoS, agglomerates formed on mesoporous alumina and CCA
(Fig. 3.16). Surisetty et al.l attribute higher catalytic activity of mesoporous
MWCNT as a support to decreased diffusion limitations compared to microporous
supports. Their results show that even a small amount of mesopores is better than a
large amount of micropores. Our best performing catalysts (Cat-AG-3 and Cat-
BAW) contain mainly micropores with some mesopores, whereas Cat-Al,O; and
Cat-CCA contain almost only mesopores (Fig. 3.1.) BAW includes wide channels
with large amounts of meso- and micropores in its walls (Fig. 3.17 and 3.18). We
suggest that the presence of various functional groups on the carbon surface is a
crucial factor influencing catalytic activity and alcohol selectivity of carbon-
supported materials. Such functional groups may strongly interact with active
phase crystallites and also increase acidity of the carrier. Both factors negatively
affect catalytic activity. Moreover, the order of acidity from Fig 3.23, (Cat-Al,0; >
Cat-CCA > Cat-AG-3 > Cat-BAW) supports our interpretation of the relationship
between catalysts’ porosity and alcohol selectivity. The MWCNT material used
inl" probably contained less functional groups than activated carbon—based
materials. In this connection it may be interesting to consider the contribution of
each product into total alcohol yields depending on the pore structure. Fig. 3.32
shows that ethanol, propanol and methanol are main alcohol products for our
catalysts. Their yield increases with the micropore surface and volume, and
decreases with the mesopore surface and volume. The yield of n-butanol is not
related to carrier porosity. n-Pentanol is a minor product. i-Butanol and i-pentanol
exhibit opposite trends comparing to the main products, decreasing with the
increasing micropore surface and volume and increasing with the increasing
mesopore surface and volume. Microporous carriers inhibit isomerization due to
steric constraints. On the other hand, the abnormal selectivity of Cat-GCAZ2
towards propanol-1 and amyl alcohol-1 can also be explained by microporous
cracks formed on the surface of the catalyst. This result corroborates the validity of
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the observed unusual finding: microporous supported K-CoMoS, catalysts are

more active than mesoporous ones. We explain this phenomenon by active phase

distribution inside the pores and acidity of the catalysts.
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Figure 3.32. Dependences of separate alcohol yields on Spicro (2), Smeso (B); Vmicro (€) and Vimeso
(d) at 360°C.

Fig 3.32 revealed that the highest yield of methanol, ethanol, propanol-1, i-
butanol, pentanol alcohol and i-pentanol alcohol was achieved at 360 °C for all
catalysts. Propanol-2 and butanol-2 appeared only for Cat-CCA. Linear alcohols
decrease in the order of Cat-BAW > Cat-AG-3> Cat-CCA > Cat-Al,O3; i-alcohols
follow the opposite order CatAl,O; > Cat-CCA > Cat-AG-3 > Cat-BAW. Besides,
an interesting observation can be made if to draw the plots similar to those in Fig.
3.33, but built on the basis of CO conversion dependences on the pore surface and
volume (Fig. 3.27: CO conv. as function of Syicro, Smesor Vimicros Vmeswo) (Fig. 3.34).
A similar shape of corresponding dependences in Figs. 3.35 and 3.36 shows that
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CO conversion is mostly determined by the alcohol formation. Otherwise the

shapes of the plots in Figs. 3.33 and 3.34 would not coincide.
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Figure 3.33. Correlations between pore volume and specific surface area for micropores (V micro VS. Smicro)
(a); and for [macro + mesopores] (Vmeso VS. Smeso) (D) built on the basis of the dependences of alcohol
yield on pore volume and specific surface area from Fig. 3.29 and 3.30.
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Figure 3.34. Correlations between pore volume and specific surface area for micropores (Vmicro
VS. Smicro) (2); and for [macro + mesopores] (Vmeso VS. Smeso) () built on the basis of the

dependences of CO conversion on pore volume and specific surface area from Fig. 3.27.

Furthermore, the results shown

in Fig. 3.20 corroborate catalytic
performance of our catalysts (Cat-Al,O; < Cat-CCA < Cat-AG-3 < Cat-BAW).
The higher average stacking number of Cat-CCA comparing with Cat-Al,O;
attributes to the role of carbon in decreasing the interaction between Al,O; and the
K-CoMoS phase. The observed activity can be explained by “Rim-Edge”
model."*® According to the model, changing of the height/diameter ratio of the

crystallite controls the relative quantity of active sites and consequently affects
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catalytic performance. On the other hand, AC-based catalysts contained a greater
proportion of the multilayered (CoMoS-11) phase, which was attributed to the
active phase-support interaction. Thus, increasing of the crystallites' linear
dimension and stacking degree (i.e. increased edge sites) resulted in the increase in
catalytic activity because such morphologies contain a higher ratio of basal, corner
and surface sites of the catalyst which promote HAS. The highest average stacking
number and average slab length determine the highest activity of Cat-BAW. The
particles distribution also conditions catalytic performance of Cat-Al,O; Cat-
CCA, Cat-AG-3, and Cat-Cat-BAW.

3.3. Comparative Study on the Catalytic Performance of K-Modified
CoMoS, catalyst supported on novel fiber and powder activated

carbons in higher alcohols synthesis from syngas.

In this part, series of K-modified CoMoS, catalysts with compositions 10%
K, 3.6% Co, and 12 wt.% Mo supported over novel commercial activated carbons
such as powder materials (DAC; OBC-1), and fiber materials (fabric active
sorption (TCA) and non-woven activated material (AHM)) were prepared,
characterized, and tested in syngas conversion. Aiming to increase the selectivity

toward alcohols and compare the catalytic activity.

Table 3.9 shows the targeted and detected composition of K-CoMoS catalysts
supported on powder and fiber activated carbons. The composition of the detected

elements is close to that of the targeted composition of precursors.

Table 3.9. Elemental compositions of supported catalysts

Targeted composition (wt. %) Measured composition (wt. %)
Catalyst
K Mo Co K Mo Co
K-CoMoS,-DAC 10 12 3.7 8.5 11.9 3.7
K-CoMoS,-OBC-1 10 12 3.7 8.4 15.8 3.9
K-CoMoS,-TCA 10 12 3.7 11.3 13.9 4.2
K-CoMoS,-AHM 10 12 3.7 11.1 15.1 4.6
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Table 3.10 shows the results for the surface area, total pore volume, average
pore diameter, micro- and mesopores surface areas, and micro- and mesopore

volumes of the stabilized catalysts in the sulfided form.

Table 3.10. Textural properties of supports and sulfide catalysts supported on powder activated

carbons
Sample Stotal, Smicro, S*mesor | Viotals Vmicror | Va*meso, | Average
m?/g m?/g m?/g cm®g  |cm¥g | cm®g | pore

diameter
(nm)

DAC 723.577 | 661.989 | 61.588 | 0.3399 |0.281 0.0589 | 3.169

OBC-1 711.287 | 660.366 | 50.921 | 0.3169 | 0.271 0.0459 | 3.775

K-CoMoS,/DAC | 249.539 | 242.710 | 6.829 0.107 0.102 0.005 3.285

K-CoMoS,/OBC- | 177.763 | 142.282 | 35.481 | 0.09348 | 0.060 0.03348 | 3.168

1

* — .
Smeso - Stotal - Smicro,

*k — .
Vmeso - Vtotal - lecro

Powder commercial activated carbons DAC and OBC-1showed the BET
surface area of 723.577 and 711.287 m?/g, and total pore volume of 0.3399 and
0.3169 cm®/g. Impregnation of the AC supports by the K-CoMoS active phase
decreased the surface area to 249.539 and 177.763 m®g, and the total pore
volumes to 0.107 and 0.09348 cm?®/g. Furthermore, the average pore diameter of
DAC increased after having been impregnated by the active phase from 3.169 to
3.285 nm although it decreased from 3.775 to 3.168 nm in the case of OBC-1. The
decrease in the 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 pore characteristics, the K-CoMoS active phase occurred in different
places. In the case of Cat-DAC, the metal species fell on the mesopores, which led
to the formation of the micropours catalyst with a small mesoporous surface area
(6.829 m?/g) compared to Cat-OBC-1 (35.481 m*/g).
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The surface morphologies which are characterized by SEM of powder
commercial activated carbons supports of DAC; OBK-1, and the catalysts Cat-
DAC; Cat-OBK-1 are represented on Fig. 3.35, whereas the SEM images of fabric
active sorption (TCA), non-woven activated material (AHM) and their catalysts
Cat-TCA and Cat-AHM are shown in Fig. 3.36.

Support SEM image of support SEM image of supported-K-CoMoS;
name catalyst

DAC

OBC-1

0kV 9.2mm x10.0k SE(U)

Figure 3.35. SEM images of powder activated carbon supports and supported
K-CoMoS, catalysts

Fig. 3.35 illustrates the surface morphology of the powder activated carbon
(DAC and OBK-1) before and after impregnated by K-CoMoS active phase. As
seen in Fig. 3.35, 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 impregnated by the K-CoMoS active phase,

which appears a smoother surface of activated carbon. The development of pores



98

can be due to the effect of the K-CoMoS active phase that has filled the pores.

Also, more holes and pits are noted.

Cat-AHM
Figure 3.36. SEM images of fabric active sorption (TCA), non-woven activated
material (AHM) and their catalysts Cat-TCA and Cat-AHM at high magnification
(5mm) and low magnifications (100um and 1 mm).

From the SEM images shown in Fig. 3.36, it can be observed that the fabric
active sorption and non-woven activated material ACs present a filamentous
morphology with strip axial arrangement and that a few longitudinal grooves and
many irregular particles are distributed on the fiber surfaces. Otherwise, the degree
of entanglement of strip axial in AHM was found to be more than TCA. The SEM
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images of the catalysts reveal that the surface of fiber activated carbon is smoother
after impregnated by K-CoMoS 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) spectra of supported-K-CoMoS,
catalysts are depicted in Fig. 3.37, and the distribution maps of powder and fiber

activated carbons are shown in Figs. 3. 38 and 3.39.
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Figure 3.37. The Energy Dispersive X-ray (EDX) map sum spectrum of supported-K-
CoMoS;,.
The EDX analysis reveals that the composition consists primarily of the K-

CoMoS 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 elemental distribution, which is similar
to the EDX study results of MoS, catalysts in.'"*! 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 was obtained very fast and contains both semi-qualitative
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and semi-quantitative information.'® 31 That is why we have adopted the
elementary composition results obtained from XRF as real and more accurate data
(Table 3.9). The EDX maps of sulfide catalysts supported on powder activated
carbon at 2.5 um are presented in Fig. 3.38.

K Kal

e .- e, 1

—— 2.5 2.5
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2.5um

2.5um 2.5um
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2.5um 2.5pm 2.5um

Cat-OBC-1
Figure 3.38. The EDX maps of the K-CoMoS, catalysts supported on powder commercial
activated carbons
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Cat-DAC and Cat-OBC1 catalysts show slight differences in the EDX maps
shown in Fig. 3.38. The distribution maps of S, Co, Mo, and K obtained on the
surface of the K-CoMoS, catalyst coincide completely, indicating that the elements

form a unified phase.

The agglomeration of K-CoMoS active phase elements in fiber activated carbons
(Fig. 3.36 and 3.39) was found to be more than powder activated carbons (Figs.
3.35 and 3.39). Fig. 3.39 indicates that the components constitute a single phase.
Thus, all metals are in close contact with each other, and molybdenum basically

acts as a "sulfur protector” with some other phases of CoS,.
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S Kal

Cat-AHM

Figure 3.39. The EDX maps of the K-CoMoS, catalysts supported on fiber
commercial activated carbons

Representative TEM micrographs of the supported-K-CoMoS, catalysts are
shown in Fig. 3.40.
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Figure 3.40. TEM images of the supported-K-CoMoS, catéilysts
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The MoS; slabs appear clearly as threadlike fringes in multilayer particles of
the K-CoMoS active phase with different stacking degrees. The differences
between the catalysts understudy can be attributed to the interaction between the
K-CoMoS active phase and activated carbons.**"*®% Moreover, the MoS,
crystallites display filamentous morphology on the surface of fiber activated
carbons (TCA and AHM). The surface of AHM is more tangled compared to TCA,
thus leading to tangled MoS, slabs on AHM and long linear slabs on TCA with
long rim sites. It is notable to mention that increasing the stacking degree leads to
an increase in vacancies and corner sites in the active phase, which decreases
adsorption of hydride hydrogen,****! whereas increasing the rime sites of MoS,

slabs promotes the hydrogenation reaction,*"*%4*¢°]

Chemical species present on the surface of the K-CoMoS, supported catalysts
were evaluated by XPS. Fig. 3.41 shows typical XPS spectra for the Mo 3d region.
The Mo 3d spectra contain two Mo 3d doublets. The Mo 3ds, and 3dz, doublet
with BE at 228.7 and 232.0 eV, respectively, corresponds to the Mo*" in 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.
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Figure 3.41. XPS Mo 3d spectra for sulfided K-CoMoS,/OBC-1 catalyst.
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For all catalysts the contributions of K 2ps, and S 2pg, 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 observed a contribution of
SO,%, which is ordinary for K-doped TMS catalysts. The sulfidation degree of the
metal (Table 3.11) 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 3.11. Sulfidation degree of Mo and Co on the catalyst surface from XPS

Sulfidation degree of metal (%) )
Sample S/(Mo+K+Co) ratio
Mo Co
K-CoMoS,/DAC 54 32 1.3
K-CoMoS,/OBC- 52 30 0.9
1
K-CoMoS,/TCA 56 31 1.0
K-CoMoS,/AHM 55 35 1.5

The catalytic performance of supported K-CoMoS, catalysts at 300, 320, 340,

and 360 °C are represented on Fig. 3.42.
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Figure 3.42. The HAS results of supported-K-CoMoS; catalysts. a) CO conversion; b) total
liquid yield; c) yield ratio between alcohols and hydrocarbons. Reaction conditions: T = 300
360 °C, P =5 MPa, GHSV = 760 L h™ (kgcat)™, H,/CO = 1.0.

Syngas conversion depends on the differences in surface morphologies of
the supports and catalysts and the degree of interaction between the support and
active phase. The results in Fig. 3.42 a revealed that the positive correlation
between CO conversion and temperatures of the catalysts under study. CO
conversion increases in the order Cat-TCA < Cat-OBC-1 < Cat-DAC < Cat-AHM.
Claure et al."" and Niannian et al.'®™ concluded that MoS, catalysts with short

MoS, layers had higher selectivity for syngas conversion and HAS. Based on these
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reports, we believed that these short and thin layers of the Cat-AHM catalyst could
increase ratios of basal, corner and edge sites of the catalyst, which is producing
more active sites and then improving the catalytic activities, particularly in HAS.
In contrast, the lowest catalytic activities of Cat-TCA can be attributed to
elongated slabs formed on the strip axial arrangement surface of commercial TCA
based on activated carbon. In the previous section (part 3.2), we found an unusual
correlation between catalytic performance of supported K-CoMoS, and the micro-
and mesopore structure of the catalyst support. It was found that catalysts
supported on microporous materials possessed higher catalytic activity in HAS
synthesis from syngas than those supported on mesoporous materials. The catalytic
performance results (Figs. 3.42 a, b, ¢) of powder activated carbons (Cat-DAC and
Cat-OBC-1) corroborate the validity of this unusual finding because microporous
Cat-DAC with the lower number of smaller mesopores was found to be more
active than Cat-OBC-1 characterized by the higher number of mesopores (see Fig.
3.35). Surisetty et al.l! reported that dispersion of K-CoMoS on mesoporous
MWCNT is lower than on microporous AC. Lower catalytic activity of Cat-OBC-1
compared to Cat-DAC-1 can be attributed to the agglomeration of the active phase
(see Figs. 3.35 and 3.38) that increased the number of rim sites and coupling of the
sites important for HAS (basal, corner and edge sites). %3189 Fig 342 b
revealed that there is no clear correlation between temperature and total liquid
yield. K-CoMoS, catalysts supported on powder ACs (Cat-DAC; Cat-OBC-1)
yielded more total liquids than fiber ACs (Cat-TCA; Cat-AHM). The highest
TLY% was observed over Cat-AHM at 300 °C. From Fig 3.42 c, the highest
Y aicoics Was achieved at 340 °C for powder ACs and at 300 °C for the catalysts
supported on fiber ACs. It can be seen that Y acomics displayed the descending order
of Cat-AHM > Cat-DAC > OBC-1 > Cat-TCA. The current results were compared
with those in several studies of HAS from syngas over supported and unsupported
CoMoS, catalysts (see Table 3.12). Noteworthy is that the catalyst was not
deactivated at the end of the reaction, which indicates its stability and repeatability.
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Table 3.12. Comparison of support nature, reaction conditions and catalytic properties in HAS from synthesis based on K-

CoMoS,; catalysts taken from literature with current study.

Type of support Acti | Preparation Reaction conditions CO (%) Total liquid Reference

ve Method selectivity

phas T, GHSV | H,/CO (%)

e P, (MPa) (C) (™)
unsupported hydroth_ermal 29 30

synthesis
unsupported coprecipitation 6.0 340 2000 2 35 35 [160]
unsupported reverse _ 39 60
microemulsion

Al,O; 5.0 340 760 1 23 48 [159]
AlL,O3/C (=1%) 5.0 340 760 1 19.2 65 [114]
MWCNT _ 2 - 8.3 320 1200 1 25 40 [6]
AC-Darco = 2 35.6 24.8
AC-RX3 Extra~ S g 8.27 330 1200 2 39.6 25.8 [4]
AC-CGP Super X 4 445 27.5
Current £
Cat-DAC = 45.3 55.3
Current = 39.3 54
Cat-OBC-1 %’ 5.0 360 760 1 -
Current 36.36 48.7
Cat-TCA
Current Cat-AHM 48.5 63.4

AC-Darcg* is activated citbon purchased from Aldrich, Canada.
AC-RX3 and AC-CGP  Super are commercial ACs were obtained from Norit, USA.
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The obtained results in Table 3.8 indicate that the current novel commercial
activated carbons are promising supports for HAS because K-CoMoS, catalysts
supported on novel commercial activated carbons (DAC, OBC-1, TCA, AHM)
show the best CO conversion and TLY% in the optimum conditions compared to
the findings in the relevant published studies (see Table 3.12), except for the
results on unsupported K-CoMoS, prepared by a reverse microemulsion
method.*” However, this method is considered expensive as compared to the
wetness impregnation method we used, which is highly feasible and was used in
many experiments for catalyst preparation in petrochemical industry and
petroleum products treatment. Gaseous and alcohol product yields in syngas

conversion are presented in Table 3.13.



Table 3.13. The yield of hydrocarbons, carbon dioxide and each alcohol
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TC C1 CO, C2 C3 C4 MeOH EtOH PrOH-1 BuOH-1 i-BuOH AmOH-1 iI-AmOH
’ (%) (%) (%) (%) (%) (%0) (%0) (%) (%) (%) (%0) (%)
Cat-DAC
300 1.5 4.4 1.6 2.0 1.3 4.0 10.6 5.9 1.8 1.3 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 1.3 7.2 1.3 0.8 0.9 4.3 11.2 6.2 1.9 1.4 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 2.2 0.6 5.9 9.1 5.8 1.6 2.3 0.4 0.8
320 0.5 4.9 1.2 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 2.2 0.4 0.7
Cat-TCA
300 1.0 5.4 15 0.4 0.4 2.3 5.2 2.2 0.7 0.6 0.2 0.4
320 1.6 6.6 14 0.3 0.3 2.7 6.2 2.6 0.9 0.7 0.2 0.4
340 2,3 8.6 19 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 3.2 0.3 0.0 0.0 4.9 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 1.2 1.2 0.3 0.6
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The nature of carriers used in the higher alcohol synthesis has a bearing
on the extent of alcohol products distribution. Furthermore, the morphology and
structure of the support 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 K-CoMoS active phase. It is quite obvious that the products
generated by DAC, OBC-1, TCA, and AHM-supported K-CoMoS, catalysts
consisted mostly of light hydrocarbons (C1-C4) and linear alcohols with carbon
numbers in the range of C1 to C5 (Table 3.13), a small amount of iso-alcohol, and
carbon dioxide 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 has not displayed any correlation
with the temperature. The highest yield for C., and CO, was recorded over Cat-
TCA, for C,, over Cat-DAC, and for Cs, and C,, over OBC-1. 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%) (Table 3.13). Ethanol, propanol-1,
and methanol were predominant alcohols in the final liquid products and the by-
products comprised mainly butanol-1, isobutanol, amyl alcohol, and isoamyl
alcohol. Propanol-2 and butanol-2 were not synthesized over supported CoMoS,
catalysts in all reaction conditions. These results look different compared with the
other studies that used activated carbon as a support for HAS form syngas over K-
modified CoMoS, catalysts.*?®! The orders of catalysts for synthesizing each
alcohol are: 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); for
isobutanol and isoamyl alcohol (OBC-1 > TCA > DAC > AHM) (see Table 3.13).
Values of selectivity towards light hydrocarbons and alcohols are presented in Fig.
3.43.
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Figure 3.43. Product selectivity of supported catalysts towards a) light hydrocarbons (C1-

C4); b) methanol, ethanol, propanol-1, amyl alcohol, butanol-1, Isobutanol, and isoamyl
alcohol. Reaction condition: H,/CO = 1.0, GHSV = 760 L h™* (kgcat)®, T =340 °C,P =5
MPa.

This investigation examined the effect of the support on the product
selectivity. The selectivity for C,. and C,. was found to be higher than that for Cs.
and C4. for all catalysts, except the highest selectivity of Cat-OBC-1 towards Cs.
(Fig. 3.43). The latter may be due to the mesoporosity of the catalyst surface,
which involves more acid sites with the partial cover of MoS, crystallite edges, as
well as the active phase agglomeration, which suggests a somewhat higher
hydrogenation ability with more isomerization. The powdered activated carbon
supported catalysts (Cat-DAC; Cat-OBC-1) show higher selectivity than fiber
activated carbons (Cat-TCA,; Cat-AHM) towards Cz,, C,., propanol-1, butanol-1,
isobutanol, and amyl alcohol-1 (Fig. 3.43). In contrast, the highest selectivity for
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ethanol was found over Cat-AHM, which might be attributed to the higher stacking
number of MoS, crystallite as a result of the tangled surface morphology of AHM,
which led to the formation of considerable amounts of vacancies and corner sites
favourable for the higher alcohol selectivity in general and ethanol in particular.
For powdered activated carbons, the catalyst that contains the highest number of
micropores (Cat-DAC) produced a considerable amount of liner alcohols compared
with Cat-OBC-1. Microporous catalysts inhibit isomerization due to steric
constraints. The latter finding is consistent with our results discussed in paragraph
3.2. This interpretation does not apply to the methanol synthesis over Cat-OBC-1
because it possessed more mesopores. 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, which is why it could easily undergo adsorption,

as compared to other linear alcohols.
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CONCLUSION

1. The influence of the support in the reaction of higher alcohols
synthesis from synthesis gas on supported K-CoMoS, catalysts was studied.
Gamma alumina, gamma alumina coated with carbon (CCA), and two types of
activated carbons — of mineral origin (AG-3) and birch wood (BAW) were used as
supports. Catalytic activity increased in inverse proportion to the logarithm of the
number of acid sites on the catalyst in order Al,O; < CCA < AG-3 < BAW. The
observed high selectivity for the formation of alcohols on catalysts supported on
activated carbon is due to the large linear size and number of layers of the K-
CoMoS, crystallite compared to the crystallites of the active phase of catalysts
supported on acid supports based on alumina.

2. It was shown that catalysts supported on microporous materials (AG-3
and BAW) are more active in the synthesis of higher alcohols and their further
conversion to other oxygenates than similar catalysts supported on mesoporous
highly acidic supports (Al,O; and CCA).

3. A relationship between the pore size and the acidity of the studied
carriers has been established. An explanation for this phenomenon is given in
terms of differences in the acidity of carriers and the formation of agglomerates
consisting of hundreds and thousands of molybdenum sulfide clusters on the
surface of microstructured low acid carriers and the formation of highly dispersed
single clusters inside the mesopores of high acid carriers. The acidity enhances the
strength of the bond between the particles of the active phase and the carrier and,
as a result, hinders the formation of new vacancies in the catalytic cycle. Low
acidity promotes the weakening of the bond between the particles of the active
phase and the support, and thus facilitates the formation of new vacancies.

4, It is shown that, under certain conditions, large agglomerates of
particles of the active phase, weakly bound to the carrier, are more active than

highly dispersed single clusters, strongly bound to the carrier.
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5. A positive correlation between the selectivity of linear primary
alcohols and amount of graphene was observed. Higher catalytic activity of Cat-
GCAl1l (1.7%) compared to Cat-CCA (1.7%) Iis attributed to the particle
distributions of Cat-GCAL, it shows the highest stacking number and slab length.

6. The results obtained from catalysts supported on fiber activated
carbons showed that the short and thin layers of the Cat-AHM catalyst increase
corner, basal and edge sites on the catalyst surface that form more active MoS,
crystallites, which then increases catalytic activity, particularly in HAS. In
contrast, the lowest catalytic activity of Cat-TCA can be attributed to long linear
slabs formed on the strip axial arrangement surface of TCA based on commercial

activated carbon.

RECOMMENDATIONS

The study provides both academic and manufacturing community with a
significant insight into the improvement of K-modified CoMoS, catalysts
supported on different carbon containing materials which would be stable, active
and selective in higher alcohols synthesis from syngas. Moreover, it explains the
correlation between catalytic performance and textural characteristics. However,

some recommendations can be suggested for further studies:

» Catalytic performance and selectivity depend on preparation methods and
precursors. Herein, supported K- modified MoS, catalysts were synthesized
by wetness impregnation using an organic precursor, and then were sulfided
by H,S. In order to increase activity and selectivity of supported-K-CoMoS,
catalysts, other preparation methods can also be used and compared, such as
chemical vapour deposition (CVD) and sol gel techniques. Additionally,
other precursors (organic and inorganic) can be used for the synthesis of
catalysts.

» Several physical and chemical characterizations of the supported-K-CoMoS;

catalysts were carried out using methods such as N, physiosorption, SEM,
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EDX, TEM, XPS, etc. We suggest analyzing the catalysts during and after
the catalytic reaction, since the structure of supported-K-CoMoS, catalysts
can change in the course of the reaction, in order to identify the best catalyst
before proceeding to large-scale synthesis.

The extended X-ray absorption fine structure (EXAFS) technique can be
used to characterize different metal species existent on the surface of the
catalyst and to identify the structure of the catalyst’s surface, including slab
lengths, coordination numbers, and bond lengths. These parameters can help
understand the correlation between catalyst performance and the surface
structure.

Carbon on CCA decreases the interaction between the active phase and
alumina alongside with the hydrogen spillover. Carbon does not coat the
surface of alumina uniformly when its content is below 5 wt%, as organic
precursors adsorb preferably on Lewis sites and block them. Oxidic
precursors for the active phase can only adsorb on the remaining carbon-free
alumina surface, leading to sulfide crystallites with a higher stacking
number. The optimum wt. % of graphene can be characterized by applying
different wt. % from 0.4 to 7% aiming to increase the selectivity of higher
alcohols.

In this study, carbon monoxide (pure) and hydrogen were used as a feed gas
for HAS. However, the syngas obtained from brown coal or biomass, may
be contaminated with e.g. hydrogen disulfide, carbon dioxide, water, and
nitrogen compounds. These impurities can affect catalytic activity and
selectivity of higher alcohols or deactivate the catalysts. Therefore, we
suggest that the catalytic reaction should be carried out using commercial

syngas from biomass or coal gasification before the scale-up.
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