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ABSTRACT

Light olefins including ethylene, propylene and butylene are the basics of many chemical
products. As the demand for light olefins is dramatically increased and oil resources are limited,
it becomes desirable to produce light olefins from other resources such as syngas. Syngas could
be obtained from alternative feedstocks such as methane, coal, biomass, and plastic wastes.
Fischer-Tropsch (FT) synthesis involves conversion of syngas to hydrocarbons. FT products at
high temperatures are mainly gasoline and light olefins. In FT catalytic reaction, iron is
preferred due to its low cost, high selectivity towards olefins and flexibility in terms of use for
different ratio of H» to CO in syngas feed. In this study, catalytic performance of iron catalyst
was evaluated using molybdenum and potassium as promoters and carbon nanotubes (CNTS)

as support. The study plan for this research was divided into four sub-objectives or phases.

In the first phase, catalytic chemical vapor deposition (CCVD) method was applied to
synthesize CNTs using Fe/CaCOz and acetylene as catalyst and hydrocarbon source,
respectively. Applying response surface methodology, the optimum operating conditions were
determined in CVD reactor for maximal yield and purity of CNTSs. The effects of reaction time
(30-60 min), reaction temperature (700-800 ‘C), and loading of the catalyst (10-30 wt% Fe)
were investigated. 20Fe/CNTs-synthesized, 20Fe/CNTs-commercial, and 20Fe/Al,O3 were
analyzed in terms of physio-chemical properties and FTS catalytic performance. The catalytic
performance of Fe-based catalysts was investigated using a fixed-bed reactor at 280 ‘C under
2.0 MPa. 20Fe/CNTs-synthesized exhibited a lower rate of water-gas-shift (WGS) reaction
compared with 20Fe/CNTs-commercial, with C2-C4 selectivity of 23.6% which is slightly less
than that of its commercial counterpart. After 120 h time-on-stream under steady state
condition, the higher activity was maintained by the 20Fe/CNTs-synthesized catalyst compared
to the 20Fe/CNTs-Commercial and 20Fe/Al;O3 catalysts.

Electronic structural promoters such as K and Mo improve olefins’ selectivity and catalytic
activity. Hence, in the second phase, CNTs synthesized by CCVD were used as support to
obtain K- and/or Mo-promoted Fe/CNTSs catalysts for light olefins’ production in FTS. A two-
level full factorial design was applied for K- and/or Mo-promoted Fe/CNTs catalyst to
investigate the effects of synthesis conditions including Mo/K mass ratio, ultrasonic time, and
iron loading on light olefins’ yield. CO chemisorption and TEM revealed that molybdenum

plays a significant role in metal dispersion, leaving structural defects on CNTs support.



Additionally, H>-TPR confirmed that K as promoter facilitates reducibility of Fe/CNTs
catalysts, which promoted CO conversion in FTS. Compared with the un-promoted Fe/CNTSs
catalysts, addition of molybdenum as a promoter increased light olefins' selectivity by 33.4%,
while potassium led to an increase in CO conversion by 96.3%. The optimum formulation
(0.5K5M010Fe/CNTS) obtained the olefins’ yield of 35.5%.

In the third phase the kinetic study of FTS was performed over the optimum bimetallic
promoted catalyst (0.5K5Mo010Fe/CNTSs) in a fixed-bed reactor by collecting experimental
data over a wide range of industrially relevant reaction conditions (P = 0.68-4.13 MPa, T =
270-290 "C, H2/CO = 1, GHSV = 2000 h1). Based on the adsorption of carbon monoxide and
hydrogen, twenty-two possible mechanisms for monomer formation during Fischer-Tropsch
synthesis were proposed in accordance with the Langmuir-Hinshelwood-Hougen-Watson
(LHHW) and Eley-Rideal (ER) adsorption theories. Kinetic parameters such as activation
energy, adsorption enthalpies of H> and CO were estimated to be 65.0, -13.0, and -54.0 kJ/mol,
respectively. Based on the developed kinetic model, the effects of reaction temperature and
pressure were assessed on FTS product distribution. In addition, the Anderson-Schulz-Flory
model was applied to further assess the reliability of the best fit mechanistic model for a wide

range of hydrocarbon products.

In the fourth phase, techno-economic analysis (TEA) and life cycle assessment (LCA) of
light olefin production in Fischer-Tropsch synthesis reaction were investigated via different
scenarios. Data from a lab-scale experiment using the optimum bimetallic promoted catalyst
(0.5K5M010Fe/CNTs) were used to simulate a plant to produce 1 kg of ethylene/h. The
economic feasibility of light olefins production was estimated based on a comprehensive cash
flow analysis. The net rate of return (NRR) was calculated to 5.6%, 7.4%, and 18.2% for the
base scenario (scenario 1), scenario 2 with wastewater treatment, and scenario 3 with
wastewater treatment-separation unit, respectively, which means the project is profitable from
an economic perspective. The GHG emissions performance was measured as 77.5 g CO2.¢q per
MJ ethylene confirming the significant GHG emissions decrease compared to petroleum-based
fuels production (3686 g CO2.¢q per MJ ethylene).
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CHAPTER 1: Introduction and Thesis Outline

1.1 Fischer-Tropsch

The organization of the petroleum exporting countries (OPEC) has estimated the petroleum
oil with increasing demand of 382 million barrels of oil equivalent per day (mboe/d) to be the
main energy source up to 2040. Processing heavy petroleum oil with low API gravity to the
light olefins including ethylene, propylene, butene, and butadiene are faced with many
challenges. These challenges are related to impurities such as sulfur, asphaltene, nitrogen, and
metals in heavy petroleum oil. On the other hand, the increased use of fossil fuels is one of the
prime reasons for global warming leading to climate change. To achieve a balance between
supply and demand, there are alternative technologies for light olefins production in addition
to common techniques like steam cracking including steam catalytic cracking to olefin,
synthesis gas to olefin and methanol to olefin (Alotaibi et al., 2018). The olefin production can
be conducted via different intermediates including methanol, ethanol, and dimethyl ether
through non-oil indirect routes of methanol to olefin (MTO), ethanol to olefin (ETO), dimethyl
ether to olefin (DMTO) as well as the direct route of Fischer-Tropsch to olefin. Among them
the Fischer-Tropsch to olefin as the heart of gas to liquid conversion processes is the only

candidate for light olefin production without any intermediate steps (Di et al., 2019a).

FTS has been introduced as an established and reliable technology to produce synthetic
hydrocarbons including methane, olefins, long chain alkanes, liquid fuels (diesel fuels and
gasoline), as well as oxygenates like alcohols, aldehydes, ketones, and carboxylic acids directly
from syngas. The complex chemistry of the FT process is attributed to a broad range of
reactions occurring with two main groups of the desired products in the form of alkanes and
alkenes. Fischer-Tropsch synthesis to olefins (FTO) including C>-Cs alkenes is of great

importance in modern chemical industries.

So far only Fe and Co catalysts have been proven economically feasible for FTS on
industrial scales. Besides, Fe is an ideal FTS catalyst for converting H>-lean syngas derived
from biomass and coal due to its high water-gas-shift activity producing more hydrogen. The
major challenges faced in FTS are catalyst selectivity and activity which are affected by metal

reactive sites, dispersion, and loading, as well as support and catalyst preparation method



(Zhang et al., 2003). It has been reported that Fe supported on alumina or silica forms mixed
oxides, thus suggesting a strong metal-support interaction. These aluminates and silicates are
difficult to reduce, and the active iron carbide phase is hindered a result (Torres Galvis et al.,
2012).

Carbon materials including activated carbon (AC) and carbon nanotubes (CNTSs) were
evaluated for FT catalyst support (Bahome et al., 2007; Chen et al., 2007; Pan et al., 2007).
Carbon nanotubes was found to be a promising support for FT catalysts due to its surface
chemical inertness, pore size distribution in the range of mesoporous to macroporous, and
resistance to harsh acid/base medium (Serp et al., 2003). However, Fe catalysts supported on
CNTs have suffered deactivation caused by metal site agglomerations (Abbaslou et al., 2009b).
Structural promoters have shown a favorable performance for metal active site stabilization.
Molybdenum can be highly dispersed on the support and its addition improves Fe dispersion
(Malek Abbaslou et al., 2011). It is believed that catalytic performance of iron catalysts can be
affected by encapsulation of iron nanoparticles inside of carbon nanotubes and promotion with
bismuth in FTO (Gu et al., 2020a). It is also stated that carbon nanomaterial supported Fe
catalysts are more likely to be selective to light olefins compared to common supports like
alumina and silica (Torres Galvis et al., 2012). Given the weak metal-support interaction of
carbon nanotubes and iron, high selectivity toward light olefins in FT reaction is suggested. It
is of interest to study promoted iron catalysts supported on carbon nanotube for direct
production of light olefins using syngas. Therefore, fabrication of carbon nanotubes supported
iron catalysts, modification of the catalyst using suitable structural promoters and optimization

of catalytic test for light olefins in FT synthesis are the focus in this research.

Response surface methodology and statistical techniques are employed to study influential
parameters like syngas feed ratio, total pressure, and reaction temperature considering CO
conversion and light olefins’ selectivity as responses. Moreover, kinetic study helps to obtain
a proper equation for CO consumption rate and reasonable mechanism. In FTS, due to various
reaction pathways, prediction of reaction mechanisms is quite complicated. Furthermore, the
FTS commercialization is mostly limited due to economically competitive energy markets
(Rafati et al., 2017). Life cycle assessment (LCA) is a tool used to study the environmental
impacts, energy consumptions, and GHG emissions of a product or process across the supply

chain throughout its lifetime. In the U.S., fossil fuel combustion contributes 85% of the net



GHG emissions, and alternative sources of energy are being developed aiming to decrease the

dependence on fossil fuels (Okeke et al., 2020a).

According to the literature, light olefins as the main building blocks for a variety of chemical
industries can be produced via Fischer-Tropsch synthesis in the presence of Fe-based catalysts.
The catalytic performance of Fe-based catalysts can be improved by implementing three

different aspects as follow:

1- An effective catalyst preparation method with operating conditions being optimized.

2- Carbon nanotubes (CNTSs) as support incorporating Fe particles inside the tubes thus
enhancing catalyst stability.

3- Dual promoters e.g., KMo improving the yield of light olefins due to change in

electronic properties of CNTs support.

The FT reactor design and techno-economic feasibility as well as environmental impacts of

the process are crucial factors in commercialization of FT to light olefins plant.

1.2 Knowledge gaps
According to the literature review (Chapter 2) on production of light olefins via Fischer-

Tropsch synthesis, the knowledge gaps were categorized as follow:

e While there are some literatures available on carbon materials supported FT catalysts,
optimization of CNTs characteristics in a CCVD reactor for further use as FT catalyst
supports is missing from the literature.

e Addition of molybdenum and potassium as promoters to CNT supported iron catalyst for
FTS is rare in the literature.

e Kinetic study of the most active KMo-promoted Fe catalysts supported on CNTs for light

olefins production via FT synthesis and their deactivation study are rare in the literature.

e There has not been any study on the techno-economic feasibility and life cycle analysis
(LCA) of FT synthesis to light olefins with these catalysts.

1.3 Hypotheses
Based on the above-mentioned knowledge gaps, the hypotheses are listed as below:

e Optimization of CNTs characteristics such as the yield and graphite purity of CNTs in a
CCVD reactor will provide high quality CNTSs for FT catalyst support. It is postulated that



acid post treatment will enhance graphite purity while causing some defects on CNTs
structure increasing the metal dispersion during impregnation for FT catalyst.

High selectivity to light olefins in FT synthesis for Fe/CNTSs catalyst can be achieved using
Mo and K as promoters due to interaction of metals and carbon materials. It is hypothesized
that these promoters will improve the reducibility of iron oxide while the activity of catalyst
and selectivity to light olefins will increase considerably.

Kinetic study of the most active KMo-promoted Fe catalysts supported on CNTs for FT to
light olefins will predict the best fit kinetic model and the deviation from ASF distribution.
It is hypothesized that the techno-economic analysis (TEA) and life cycle assessment
(LCA) would help to ascertain the commercialization potential while evaluating the

environmental impacts associated with FTO.

1.4 Research objectives

The main objective of this research is to synthesize CNTs with high yield and purity in a

CCVD reactor for FT catalyst support. Fe catalyst supported on CNTs is evaluated for light

olefins’ production in FTS. Bimetallic KMo-promoted Fe/CNTSs catalysts are formulated for

maximizing the light olefins’ yield. The FT reaction kinetics are studied over the most active

KMo-promoted iron catalyst. Finally, the techno-economic analysis and life cycle assessment

of the FT synthesis for light olefins are performed. The following sub-objectives are considered

to support the overall research goals as follows:

Optimization of CNTs characteristics in a CCVD reactor using Fe/CaCO3 catalysts with
high yield and high graphite purity from acetylene. Application of Fe/CNTSs catalysts for
light olefins’ production through FTS.

Formulation of bimetallic KMo-promoted Fe/CNTSs catalysts for maximizing light olefin s’
production through FTS.

Kinetic study of the most active bimetallic KMo-promoted Fe/CNTs catalyst to develop a
kinetic model for FT synthesis to light olefins as well as assessing the catalyst deactivation
behavior.

Applying techno-economic analysis and life cycle assessment to determine the techno-

economic feasibility and environmental impacts associated with the process.



1.5 Organization of the thesis

Figure 1.1 summarizes the research of this Ph.D. program. This PhD thesis is structured in
eight chapters based on the manuscript-style thesis guideline of the College of Graduate and
Postdoctoral studies. The literature review presented in Chapter 2 has been published in the
Reactions journal. The manuscripts described in Chapters 4, 5, and 6 were published in journal
of Catalysis Today, Journal of Applied Catalysis A: General, and the Canadian Journal of

Chemical Engineering, respectively.

Addition of Mo and K
as promoters to Fe
catalyst supported on
CNTs for FTO

Optimization of
synthesized CNTs using
Fe supported catalyst

Kinetic study of FT
b= reaction using
KMoFe/CNTs catalyst

LCA and TEA of light
olefins production via
FTS

Figure 1.1: Block diagram of this Ph.D. research program.

Chapter 1 is organized as an introduction to the subject matter. Chapter 2 presents the most
recent literature review on Fischer-Tropsch to light olefins (FTO) investigating the effects of
active metals, promoters, and supports on the catalytic performance of FT catalysts. The
experimental procedures conducted in this Ph.D. research are discussed in Chapter 3, including
the chemicals and materials used, synthesis processes for CNTs support and corresponding
catalysts, characterization techniques as well as FTS process. Following that, a brief description
of subsequent chapters is provided to cover the research objectives and sub-objectives.

Chapter 4 describes FTS catalytic performance of Fe/CNTs supported catalyst under
industrially relevant process conditions. CNTs were prepared through CCVD method using
Fe/CaCOs and acetylene as catalyst and hydrocarbon source, respectively. Response surface
methodology was adopted to specify the optimum process parameters maximizing CNTSs yield
and minimizing amorphous carbon structure in CNTs. The effects of CVD reaction time (30—



60 min), temperature (700-800 ‘C), and Fe catalyst loading (10-30 wt% Fe) were studied.
Furthermore, the physio-chemical properties and FTS catalytic performance of the synthesized
Fe/CNTs catalyst were compared with that of Fe catalysts supported on commercial CNTs and
Al>Os.

Optimization of olefins’ yield in FTS using bimetallic KMo-promoted Fe/CNTs catalyst is
described in Chapter 5. A two-level full factorial design was applied for K- and/or Mo-
promoted Fe/CNTSs catalyst to investigate the effects of synthesis conditions including Mo/K
mass ratio, ultrasonic time, and iron loading on light olefins' yield. Under industrially relevant
conditions, a fixed-bed reactor was implemented to evaluate the activity, stability, and olefins'
selectivity of the un-promoted and promoted iron catalysts. The catalysts were characterized in
terms of iron particle size, CNTSs structural defects, and iron oxidation state before and after
FTS reactions.

The kinetic study of Fe-based FTS catalysts is essential for commercial process design,
simulation, and optimization. However, the complex reaction networks during FTS make it
quite challenging to model the kinetics and product selectivities. In Chapter 6, the kinetic study
of FTS was performed over a potassium-molybdenum promoted iron catalyst in a fixed-bed
reactor by collecting experimental data over a wide range of reaction conditions. This kinetic
study was conducted to identify the best fit rate equation for FTS, as well as to determine the
reaction rate constants using the multi-variable nonlinear regression method. In addition, the
Anderson-Schulz-Flory model was applied to further assess the reliability of the best fit
mechanistic model for a wide range of hydrocarbon products.

High energy demand and large capital costs have been the main drawbacks of FTS plants,
which may challenge the economic viability of the FTS reaction. On the other hand, greenhouse
gas (GHG) emissions and their destructive effects on climate change have become one of the
critical environmental issues. Therefore, in Chapter 7, techno-economic analysis (TEA) and
life cycle assessment (LCA) of FT to light olefins over KMo-promoted Fe/CNTSs catalyst were
investigated via different scenarios. Aspen plus simulation and OpenLCA software were used
to analyze process economics and GHG emissions. A sensitivity analysis was also carried out
regarding the effects of selectivity to light olefins and syngas feedstock rate on the economic

aspect of the FT to olefins (FTO) using Aspen Plus simulation.



Finally, the overall conclusions and recommendations extracted from this Ph.D. research are
provided in Chapter 8. The References section provides all references used in this study, and
appropriate additional information including experimental calibrations and permissions from

publishers are provided in Appendix A and Appendix B, respectively.



CHAPTER 2: Literature Review

The content of this chapter has been published in Reactions (Yahyazadeh et al., 2021) and a
book chapter entitled “Conversion of syngas to olefins and green hydrocarbons through
Fischer-Tropsch catalysis” (In Press). The permission to use the article in this thesis has been
obtained from the MDPI as the journal holds the copyright as presented in Appendix B (Figure
B.1).

Contribution of the Ph.D. Candidate

The manuscript was drafted by Arash Yahyazadeh with guidance, suggestions, and reviews
provided by Dr. Ajay K. Dalai and Dr. Lifeng Zhang.

Contribution of this Chapter to Overall Ph.D. Research

This chapter gives an overview of FTS to produce light olefins as one the most important
building blocks in chemical industry. The effects of metals, promoters and supports as the most
influential parameters on the catalytic performance of catalysts were investigated. TEA and
LCA of FTS plants were presented in terms of minimum fuel selling price and the potential for

global environmental impacts, respectively, based on the most recent literature.

2.1 Abstract

Light olefins as one the most important building blocks in chemical industry can be produced
via Fischer—Tropsch synthesis (FTS) from syngas. FT synthesis conducted at high temperature
would lead to light paraffins, carbon dioxide, methane, and Cs+ longer chain hydrocarbons. The
present work focuses on providing a critical review on the light olefin production using
Fischer—Tropsch synthesis. The effects of metals, promoters and supports as the most
influential parameters on the catalytic performance of catalysts are discussed meticulously. Fe
and Co as the main active metals in FT catalysts are investigated in terms of pore size, crystal
size, and crystal phase for obtaining desirable light olefin selectivity. Larger pore size of Fe-
based catalysts is suggested to increase olefin selectivity via suppressing 1-olefin readsorption
and secondary reactions. Iron carbide as the most probable phase of Fe-based catalysts is
proposed for light olefin generation via FTS. Smaller crystal size of Co active metal leads to
higher olefin selectivity. The hexagonal close-packed (HCP) structure of Co has higher FTS

activity than face-centered cubic (FCC) structure. Transition from Co to CosC is mainly
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proposed for formation of light olefins over Co-based catalysts. Moreover, various catalyst
deactivation routes are reviewed. Additionally, techno-economic assessment of FTS plants in
terms of different costs including capital expenditure and minimum fuel selling price are
presented based on the most recent literature. Finally, the potential for global environmental
impacts associated with FTS plants including atmospheric and toxicological impacts is

considered via lifecycle assessment (LCA).

2.2 Introduction

Olefins including ethylene, propylene, and butylene are considered the most widely used
petrochemical feedstocks used as chemical intermediates for production of solvents, polymers,
plastics, fibers, and detergents. The demand for ethylene as one of the important derivatives of
olefins is over 155 million tons annually. The common method for olefin production is steam
cracking (SC) of hydrocarbons. The trend of ethylene production using thermal cracking had a
growth rate of 4% between 2007 and 2012 (Sadrameli, 2015). The ethylene production in
Canada is based on ethane as a feed through steam cracking at high temperatures. From 2000
to 2010, it was reported that propylene production declined while ethylene production increased
(Amghizar et al., 2017a).

Heavy petroleum oil with low API gravity containing different impurities such as sulfur,
nitrogen, and metals brings about many challenges during its processing to light olefins.
Petroleum oil is estimated to be the main energy source up to 2040 based on the OPEC’s World
Oil Outlook in 2016, with the energy demand reaching 382 million barrels of oil equivalent per
day (mboe/d). As olefin production depends on oil fractions and steam cracking, the increasing
demand for light olefins can cause strain on crude oil resources (Alotaibi et al., 2018). The non-
oil routes for olefin production can be categorized in four groups, namely methanol to olefin
(MTO), ethanol to olefin (ETO), dimethyl ether to olefin (DMTO), and the Fischer—Tropsch
synthesis (FTS), which was developed in 1922 (van der Laan and Beenackers, 1999).

The technologies including MTO and FTS use methane as a feedstock for higher
hydrocarbon production in an indirect way, while oxidative coupling of methane (OCM) is a
direct route for ethylene and higher hydrocarbons production using methane. The H2/CO ratio
in CO-rich syngas needs to be adjusted by water—gas shift (WGS) reactions to eliminate the
CO level, while resulting in CO2 emissions (Amghizar et al., 2017b). However, the adjustment



of H2/CO ratio is not necessary for Hz-rich syngas. Synthesis of an intermediate like methanol
or dimethyl ether is the basis of MTO and dimethyl ether-to-olefin (DMTQ) processes to
produce light olefins indirectly, while Fischer—Tropsch to olefins process is based on a one-
step reaction consuming synthesis gas without adjustment of H2/CO ratio (Amghizar et al.,
2017b). An MTO plant schematic is shown in Figure 2.1 where methanol is consumed in an

MTO reactor and light olefins are separated within two stages of separation.

Energy Flue gases Impurities Lights  Fuel
1 | i A
Ethylene
MeOH | MTO Preliminary| "°a®°ns | Olefin =l
—p . > . Propylene
reactor g | separation separation | —5
Waste water I
- Butenes &
FCC reactor
Water Clean Heavies
7 treatment e

Figure 2.1: Schematic of MTO process. Reproduced with permission from (Dimian and
Bildea, 2018).

Coal, natural gas, and biomass are the main source of synthesis gas for olefins production.
Coal and biomass are converted to syngas via gasification, while the conversion of natural gas
to syngas is carried out through steam reforming. The established FTS plants presented in Table
2.1 show a tendency toward natural gas compared to coal over the years (Ail and Dasappa,
2016). FTS provides two advantages compared to MTO. The lower cost of olefin production
in FTS involves a one step process. Additionally, a wide range of raw materials can be used as
feedstocks in FTS, with less wastewater production throughout the process (Zafari et al., 2020).
Oil resource depletion and high cost of exploration has led scientists to develop alternative
feedstocks for the olefins production. Biomass and waste streams including solid plastic waste
or municipal waste are good candidates for future use in olefins production, indicating that FTS
can be regarded as an environmentally friendly and economical process for light olefins
production (Di et al., 2019b).
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Table 2.1: Different FTS plants and their capacity (Ail and Dasappa, 2016; Lewis, 2013).

Company Carbon source Capacity (b/d) Commissioning date
Sasol Coal 2500 1955
Sasol Coal 85,000 1980
Sasol Coal 85,000 1982
MossGas Natural gas 30,000 1992
Shell Natural gas 12,500 1993
Sasol/Qatar Petroleum Natural gas 34,000 2006
Sasol Chevron Natural gas 34,000 2007
Shell Natural gas 140,000 2009
Sasol/USA Natural gas 96,000 2018
Sasol/Canada Natural gas 96,000 2020

So far only iron and cobalt catalysts have been proven economically feasible on an industrial
scale for FTS. However, iron possessing high water—gas-shift (WGS) activity compared to
cobalt, can be an ideal catalyst for FTS. Selectivity is the most important challenge in the FTS
process. In this process, the catalyst activity and selectivity are influenced by the nature and
structure of support, nature of metal, reactive sites, metal dispersion, metal loading, and catalyst
preparation method (Zhang et al., 2003). Moreover, the addition of promoting agents to
catalysts significantly increases the activity and selectivity of catalysts toward a specific range
of products, e.g., light olefins. Therefore, to optimize the selectivity of FTS to light olefins,
conditions favoring high olefin to paraffin ratio should be achieved.

2.3 Syngas production technologies

The abundant supply of natural gas coupled with the increasing energy demand have
prompted interest in GTL technologies for producing transportation fuels. Figure 2.2 shows
different hydrocarbon feedstocks that can be converted into syngas via gasification, reforming,
and reduction technologies. Three GTL processes was evaluated for various syngas
technologies considering water generation and greenhouse gas (GHG) emissions by Gabriel et
al (Gabriel et al., 2014). Heat and mass integration techniques, together with water and power
production were used in this study to benchmark the process. The syngas production section as
illustrated in Figure 2.3 consists of three technologies such as autothermal reforming (ATR),
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partial oxidative reforming (POx), and steam methane reforming

best overall performance in terms of potential water production.

Natural gas
el Reforming
Gasification
Biomass .
Reduction
Waste
CcO2

(SMR). ATR exhibited the

(zH/0D) seduks

Figure 2.2: Hydrocarbon feedstocks that can be transformed into syngas. Reproduced with

permission from (K. Cheng et al., 2017).
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Figure 2.3: Standard unit configuration of syngas for all reformer types. Reproduced with

permission from (Gabriel et al., 2014).
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2.4 Fischer-Tropsch synthesis for light olefins from syngas

Light olefins including ethylene and propylene which are considered the key components of
the chemical industry, can be derived from steam cracking (SC) of hydrocarbons (Amghizar et
al., 2017b). Due to a comprehensive economic analysis carried out by Zhao et al. the
conventional SC process is more economically attractive compared with other technologies
(Zhao et al., 2021). Figure 2.4 summarizes different technologies for olefin production using
feedstocks such as crude oil, natural gas, coal, and biomass. The cost of raw material was the
main parameter influencing the total production cost (TPC) of different production methods
(Gholami et al., 2021). In China due to large coal reserves, alternative technologies such as
methanol-to-olefins (MTO) and methanol-to-propylene (MTP) have been developed to achieve
lower production costs of olefins (Zhao et al., 2017). MTO and dimethyl ether to olefins (DTO)
reactions have been compared in terms of products distributions and catalyst performance
(Behbahani et al., 2014). The light olefins’ selectivity of 77-78.5% was achieved at a reaction
temperature ranging from 400 to 460 °C in the presence of a synthesized SAPO-34 catalyst
during MTO reaction. The small and uniform catalyst crystals, with a high surface area and
moderate acid sites in SAPO-34 catalyst enhanced the catalyst stability and selectivity to light
olefins in MTO reaction. Although DTO and MTO reaction provide similar results in terms of
kinetics and selectivities at higher temperatures, DTO reaction results in a lower fraction of Cs+

compared with MTO reaction.

The oxidative coupling of methane (OCM) producing light olefins from natural gas can be
improved using advanced catalysts and O feeding (Spallina et al., 2017). The OCM process
including catalytic oxidation of methane was compared with the conventional methods such as
steam cracking and dehydration of ethanol for producing ethylene (Alkathiri et al., 2022).
Although OCM can be an attractive method in the ethylene market, it requires a very high
temperature for the reaction. The pinch analysis of the OCM process was performed to save a
large amount of heating and cooling utilities at the optimal value of the minimum heat transfer

temperature difference (ATmin).

To prevent an imminent environmental collapse, FTS is a strategic technology for
production of high value hydrocarbons, following a polymerization-like mechanism (Garona
et al.,, 2021). The FTS process as a century-old technology uses iron or cobalt catalysts.

Recently, the most influential factors in the catalytic performance of catalysts in FTS was

13



reviewed by Yahyazadeh et al. (Yahyazadeh et al., 2021). The decrease in the particle size of
cobalt catalysts affects FTS selectivity toward lighter hydrocarbons such Cz-Cs. The most
probable Fe phase for FT to light olefin is iron carbide including y-FesCz, e-Fe2C, € -Fe22C,
and FesCs. The basicity of catalysts as well as phase transition during reducibility study is
influenced by addition of alkali metal promoters e.g., Li, Na, and K. Catalyst deactivation in
FTS is related to the type of support material, promoter, and synthesis method. It was reported
that confinement of iron nanoparticles inside CNTs support protected metals from deactivation
(Gu et al., 2019a). The sensitivity of cobalt to impurities is not negligible and promoted core-
shell cobalt-based catalysts with an enhanced sintering resistance would be a promising option
for FT to light olefins.
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Figure 2.4: Technologies for conversion of different feedstocks into light olefins.
Reproduced with permission from (Gholami et al., 2021).

2.5 Catalysts for Fischer-Tropsch to light olefins (FTO)
Generally, catalyst selectivity is based upon four factors including bond strength,
coordination, ensemble, and template properties. The principle of bond strength is the

electronic characteristics of the atoms involved. The number of possible reactions in the FTS
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is influenced by bond strength varying from no chemisorption for weak bonds to slow
desorption for strong bonds (Sachtler, 1981). Catalyst basicity, dispersion, active metals, and
promoters as well as support interaction can influence the selectivity of FTS toward light
olefins. Ponec et al. (Ponec, 1979) linked the olefins selectivity to electronic and geometric
factors. Moreover, Biloen et al. (Biloen et al., 1983) asserted that whenever a molecule contacts
the catalyst surface, the reactants react due to the chemistry and geometry of the catalyst active

sites.

2.5.1 Catalyst active metal effects

Transition metals capable of syngas (H2 + CO) adsorption and reducibility of metal oxides
are used as FTS catalysts. Transition metals belonging to groups I111-VI of the periodic table
have tendency to form highly stable oxides that are difficult to be reduced in FTS, while they
can be used for dissociative adsorption of CO. Additionally, some transition metals including
Cu, Pd, Pt, and Ir have difficulty with CO dissociation resulting in high methanol selectivity in
FTS. It is suggested that Fe, Co, Ni, and Ru are suitable transition metals for FTS, due to high
rates of CO dissociation and subsequently high rate of chain growth (Teimouri et al., 2021). In
some research, Rh was found to be suitable (Filot et al., 2015). However, it has been reported
that Ru is not an economical catalyst due to its limited resources and high price. Nickel is
observed to be selective to methane rather than the desired products. Therefore, Fe and Co are
the most common metals for FTS catalyst (Jahangiri et al., 2014). Fe-based catalysts are more
likely to tolerate sulfur impurities than Co. As a result, Fe catalysts are useful for biomass and
coal. Moreover, Fe possesses a lower hydrogenation activity compared to Co, as a result, Fe
provides higher selectivity toward olefins (Lgdeng et al., 2018). Interestingly, there is a growing
attention to molybdenum carbide as catalyst for catalytic reactions due to high activity for CO
hydrogenation and dry reforming as well as its resistance to carbon deposition in comparison
with Co- and Fe-based Fischer—Tropsch catalysts (A. Chernavskii et al., 2017).

Iron-based catalysts

Iron catalysts at lower temperatures are selective to paraffins, while by increasing
temperature the selectivity changes toward olefins. Due to similarity of CO hydrogenation and
iron carbide formation in terms of activation energy, the iron carbides are formed during the

FTS process. Different format of iron carbides have been observed in FTS process (De Smit
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and Weckhuysen, 2008). Table 2.2 shows a summary of iron-based catalysts for light olefin
production via FTS. The nature and concentration of the promoters play a pivotal role in FTO
catalysts and their selectivity. Galvis et al. (Galvis et al., 2013) studied the addition of sulfur
plus sodium in low concentration to Fe/a-Al2O3 catalyst with high C2-C4 olefins selectivity to
improve the catalytic activity and decrease the methane production. Sodium addition caused a
decrease in the methane selectivity due to the chain growth probability, while sulfur addition
led to a higher olefin production (Galvis et al., 2013).

Various iron-based FTS catalysts along with catalyst synthesis methods and active phases
are listed in Table 2.2 The most probable compounds in Fe-based catalysts are iron carbide,
metallic Fe, and magnetite (FezO4). Identification of active phase in Fe catalyst is commonly
performed by in situ magnetization measurement to obtain Curie temperature in which the first
derivative of magnetization altering with temperature is plotted. Then, the active phase of
catalysts will be identified based on the observed Curie temperature. Iron carbide can be in the
form of e-Fe;C, £-Fe22C, Higg x-FesCa, FerCs or 0-FesC. Active phases of Fe-based catalysts
in FTS to light olefins have been mostly reported to be iron carbides in the form of Hagg -
FesCa, e-Fe2C, £-Fe22C, and Fe;Cs. Carbides of e-phase are stable below 250 °C, while Hagg
carbide is stable in the range of 250-350 "C. Therefore, among iron carbides, y-FesC; is mostly
known as active phase of typical FTS temperature (240-360 "C), with a Curie temperature
between 205 ‘C and 238 ‘C (Cheng et al., 2015c). Fe;Cs is a carbide phase produced during
CO-treatment of catalyst at moderate temperature and 0-FesC is stable above 350 °C (Chang et
al., 2018b).

Chang et al. (Chang et al., 2018b) investigated pretreatment of Fe/SiO, catalysts with CO,
Ho, and syngas for FTO in the medium temperature range of nearly 260-300 "C and 2-3 MPa
for H2/CO = 2. They identified FesC3z and x-FesC> as active phases for CO-treated catalyst,
while they reported e-Fe2C and y-FesC: as active phase composition for Ho-treatment. x-FesC:
was the only carbide formed during syngas-treatment of the Fe/SiO- catalyst. Among these
three carbide phases, the highest activity and the lowest methane selectivity belong to Fe;Cs
and e-Fe,C for medium range of temperature in FTO. Jiang et al.(Feng Jiang et al., 2017)
performed a series of experiments on Fe-based catalysts to control the catalytic activity,
selectivity and deactivation in FTS process using different supports (y-Al203z, SiO», activated
carbon (AC), anatase-TiO2 and SiC) and promoters (K, Na and S).
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Table 2.2: Different synthesis methods of Fe-based catalysts for FTO.

Active Co-Cs CO
Support  Promoter Synthesis method Active Phase Selectivity conversion Reference
metal
(%) (%)
Fe CNTs  Mn/K  Impregnation FeMnz0, before ¢, - 30.1 (Chen et al., 2018)
reduction
Fe CNTs Bi . Héagg x-FesC, or e- 60.9 10.0
Fe ONTSs Pb Impregnation Fe,C 577 18.6 (Gu et al., 2018a)
Fe CNTs Bi . 45-62.4  25.5-25.6
Fe CNTs Ph/K Impregnation x-FesCa 52.6-62 407-76.2 (Gu et al., 2019a)
Fe CNTs Mn/K Impregnation Hégg ¢-FesCs 50.3 22.7 (Wang et al., 2015)
Fe-Zn-Cu - - Co-precipitation i 35 45
KE CNTs K Deposition-precipitation 42 16 (Roeiel, 200l
Fe N-CNTs?* K Impregnation x-FesCs 54.6 14.4 (Luetal., 2014a)
Fe NMCs® - Ultrasonic-impregnation FesC;and Fe,C  33.9 92.6 (Liu et al., 2018)
Fe-Cu  Graphite - Co-precipitation FesCs 37.8 449 (C. Lietal., 2016)
Fe AC K 21.7 48.9
Fe CSiO® KIS 51.7-26.5 11.8-32.2 .
Fe SiC  Na/S  Impregnation rresCzand 51 10.3 (2'(:)61”79) Jang etal.,
Fe SiC K érre22 19.7 57.1
Fe TiO; K 17.3 67.7
x-FesCz is
Fe mSio¢ - dominant 12.8 15.4
Fe SiO; - . (Above 36%) 15.2 28.5
Fe Si0,-COE - Impregnation FesC and &-Fe,,C 18.3 76.9 (Cheng et al., 2015c)
Fe SiOx-H2® - are low (less than 14.1 51.6
14%)
Fe SiO-Ef Mn Impregnation - 54.6 50.5 (Liu et al., 2015a)
Fe SiO; K Impregnation FeC 10.1-18.7 23-29.9 (A. Chernavskii et al.,
Fe-Cu  SiO, K Co-impregnation Kres2 15.2-18.1 33.9-34.3 2017)
Fe SiOy Bi Impregnation FeC 53 17 (V. V. Ordomsky et
Fe Si0; Pb Impregnation Kres-2 32 55 al., 2017)
. Hydrothermal 40.6
Fe SiO-GC8 - L ) 12.9 .
Fe,0s Si0, ) deposition Hagg y-FesCs 174 40.6 (Nietal., 2018)
i : Co-precipitation, i
Fe-Mn  SiO; Cu impregnation Hégg y-FesCs 40.1 96.9 (Gong et al., 2020)
Si-CO®
Fe e T T Fe/Cs, x-FesC:  30.8 50.8
Fe g:_"'z - Co-precipitation §-Fe,C. y-FesCo  15.0 33.1 (Chang et al., 2018a)
Fe Syngas® x-FesCs 17.1 22.3
Fe a-Al,O3  S/Na Impregnation - 50 66 (Galvis et al., 2013)
Fe-Ni Al>O3 K>S Co-precipitation - 77.8 64.6 (Feyzi et al., 2014)
Fe MgO-NS" - Impregnation 14.6 55.6
Fe MgO-NS - Deposition-precipitation i 155 38.0
Fe MgO-NS - Ultrasonic impregnation 29.6 35.5 (H el 200
Fe MgOcube - Ultrasonic impregnation 21.5 35.7
Fe MnOx  Ag Impregnation x-FesCo 35.4 50.3 (Xu et al., 2018)
Fe - Na/S Precipitation - 66 30 (Botes et al., 2016)
Fe - - 19.3 91.0
Fe - Na 23.3 93.2
Fe ) K Solvothermal - 291 971 (Y. Zhang et al., 2015)
Fe - Zn 18.1 98.3
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Fe - Zn/Na Co-precipitation : 42.7 97.16 (M. Zhao et al.,
Fe - Zn/K precip 37.19 5.02 2018a)
Fe - Zr Co-precipitation - 57 40.6 (Zhang et al., 2019)

2 Nitrogen-doped CNTs

b Nitrogen-rich mesoporous carbon-supported Fe catalyst
¢ Carbon-coated SiO;

4 Mesoporous silica

¢ Fe-Si calcined catalyst treated with CO, H,, and syngas
f Ethylene glycol pretreated silica support

9 Silica-graphitic carbon encapsulated iron

" Nanosheet

It was concluded that the catalytic activity depends on the iron oxide reducibility which is
related to the particle size-dependent carburization, promoter effects, interaction of iron with
the support, and the particle size. The light olefin selectivity is increased beyond the limitation
of the Schulz-Flory distribution using K, Na, and S. Finally, the reversible transformation of y-
FesC> into Fe3O4 and K-induced carbon deposition were highlighted as the catalyst deactivation
reasons (Feng Jiang et al., 2017). Li et al. (C. Li et al., 2016) synthesized K-promoted graphite
supported catalysts during two stages including co-precipitation and incipient wetness
impregnation. The FTS process was performed at 0.5 MPa and 300-330 “C using syngas
(H2/CO = 1) for 4 h. The potassium-promoted catalyst showed high activity and selectivity of
liquid hydrocarbon. Subsequently, the iron electron density increased and potassium changed
the iron crystallite morphology, while methane production went down (C. Li et al., 2016).

Feyzi et al. (Feyzi et al., 2014) utilized Fe-Ni/Al,Oz catalyst for production of light olefins
using synthesis gas. They reported that the catalyst offers the highest selectivity toward C>-C4
olefins (77.8%) and the lowest selectivity with respect to methane (9.1%) and CO2 (0.3%) at
340 °C, H2/CO = 2, P = 0.1 MPa. Moreover, addition of K2S into the catalyst increases the
selectivity toward C»-Cs4 (Feyzi et al., 2014). Olefin selectivity is not affected by Fe particle
size; however, it is reported that Fe nanoparticles less than 7-9 nm exhibit higher CHa
selectivity compared to larger particles. Moreover, the smaller Fe nanoparticles lead to the
lower chain growth probability. It was suggested that CH4 formation is related to the corners
and edge sites of catalyst crystals, which are enhanced by decreasing the particle size. In the
case of olefins, terrace sites are proposed to improve olefin production.

Wang et al. (Wang et al., 2016) investigated an iron-catalyzed FTS process and promoter
effects on light olefin selectivity. They reported Hagg iron carbide (y-FesCz) as the dominant

phase of iron catalyst used in Fischer-Tropsch reaction. It can be observed from Figure 2.5 that
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there are three different synthesis methods for pure y-FesC, catalyst including wet-chemical
method in the presence of bromide (Br), hydrothermal synthesis followed by thermal treatment
method, and metal organic framework (MOF) mediated synthesis method. It was concluded
that y-FesC catalysts favor the synthesis of longer-chain hydrocarbons and alkanes. Moreover,

the selectivity to Co-C4 can be improved using appropriate promoters (Wang et al., 2016).

Method I Method II Method III
Fe(CO); + octadecylamine Iron nitrate + glucose ‘ ‘ BTC/BDC-NH2 + Fe precursor
180°C
in N, Br Hydrothermal Hydrothermal
Crystallized Fe nanoparticles Iron oxalate dihydrate ‘ MOF precursor
. Thermal Thermal
3_5 ocC Br treatment treatment
inN, with CO in N;
FesC, nanoparticles Fe;C,@C ‘ Fe-C nanocomposites
e . Dilution with Reduction then
Immobilizatio . ) A .
X . activated charcoal Activation with
n with SiO,
syngas

FesC, composite catalysts

Figure 2.5: Schematic of synthesis methods proposed for x-FesC. phase catalyst. Reproduced
with permission from (Wang et al., 2016).

The larger pore size of the support increases heavy hydrocarbon production and light olefin
selectivity. It was reported that Fe-based catalysts (FeMn) with pore size in the order of 50-80
nm facilitated the diffusion of reactants and products while suppressing the secondary reactions

of 1-olefins, thus resulted in higher selectivity toward light olefins (Liu et al., 2015a).

Cobalt-based catalysts

Cobalt-based catalysts for FTS have properties such as high catalytic activity, low WGS
activity, and superior stability. Therefore, this group of catalysts require higher ratios of Ho/CO
(2.0-2.2) compared to Fe-based catalyst (Sahir et al., 2019a). However, this type of catalyst is
not selective to the light olefins for industrial application. The electron density and structure of
cobalt catalysts are mainly influenced by metal-support interactions. The support acidity could
lead to light hydrocarbons formation. The support porosity including average pore diameter,
pore volume, and surface area could affect the cobalt dispersion and reducibility. Noble metals,
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transition metal oxides, and some rare earth metal oxides are suggested as promoters for the

cobalt oxide catalyst. In addition, the promoter affects the structure and dispersion of cobalt

species, FT reaction rates, and product selectivity (Fu and Li, 2015). Table 2.3 shows some of

support materials and promoters used for synthesis of Co-based catalysts using different

synthesis methods.

Table 2.3: Different synthesis methods of Co-based catalysts for FTO.

Active . Co-Cs CO

metal Support Promoter Synthesis method selectivity (%) conversion (%) Reference

Co MHZSM 58 - 29.1 79.0 .

Co HZSM5 - ’ 30.9 75.9 (Xing et al., 2015)

Co AlL,Os/ZSM 5 La Co-precipitation 24.1 20.7 (Ryu et al., 2015)

Co v-Al203 Ru/La . 11.2 45.8

Co +-ALO-PT®  Ru/La Impregnation 15.9 137 (Sage et al., 2017)

Co-Mn v-Al03 - Co-impregnation 8-11 20-45 (Pedersen et al., 2018)
Al,O3

Co - . 44.8-50.4 9.5

Co ;AI203+Pt/AI20 Pt Impregnation 46.9-50.2 13 (Nabaho et al., 2016)

Co-Ni mSiOy° - Impregnation 26.8 19.7 (Sunetal., 2017¢)

Co-Mn-Ce SiO; - Impregnation 17.4 10.1 (Zohdi-Fasaei et al., 2017)

Co Mn/SiO; Zn/Ce  Impregnation 10-36 17-31.8 (Zafari et al., 2017)

Co MnOy = Co-precipitation 26.5-42.2 42.3-45.3 (W.-G. Zhou et al., 2015)

Co-Mn - - Co-precipitation 50 2.5 (Z. Lietal., 2017)

Co-Mn - - Co-precipitation 37.7 30 (Lin et al., 2019)

co Ti0: i 10.6-20.9 27.5-33.1 (Phaahlamohlaka et al

Co TiO,@mSiO;* - Deposition precipitation 5.2-21.7 17-46.1 2018) N

Co TiO,@mSiO; Ru 12.1-23.3 31.6-58.9

Co TiO,-C¢ Pt : " 5.4 28.6

Co TiO,-p° Pt Co-impregnation 6.9-7.0 66.3 (Hong et al., 2018)
TiO2 - . 323 24.3

Co Tio, RU Impregnation 279-99.9 823-98.3 (Bertella et al., 2020)

Co cf - - 10.87-11.87  34.15-35.62  (Chen et al., 2019)
Al,O3 - 14-28 21-37

Co-Mn GNS¢ - Impregnation 22-42 5.4-39.2 (zafari et al., 2020)
rGo" - 25-53 20.5-33.2

Co-Mn GNS' - Impregnation 29.2 49 (Zafari et al., 2019)

Co CNT - Impregnation 29.5-18.9 84-75 (Nakhaei Pour et al., 2017)

Co CNT-800! - Impregnation, Spark 8.1 14.9

Co CNT-1000 - plasma sintering 20.3 34,5 (SnEfipEEiEl, 202

2 Hierarchical HZSM-5 zeolite support

b Acetylene pretreated catalyst

¢ Mesoporous silica (mSiO,)

d Calcined CoPt/TiO;

¢ Plasma treated CoPt/TiO>

f Cobalt catalyst embedded in nanoporous carbon
9 Graphene nanosheet

" Reduced graphene oxide

" Sintering temperature (800 and 1000 °C)
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Concerning the decrease of long chain hydrocarbons (Czs+), Sage and co-workers (Sage et
al., 2017) investigated the in-situ pre-treatment of Co/Ru/La catalysts using alumina support
with acetylene pre-treatment (200 °C, 1 MPa, 4 h) in a fixed-bed reactor. It was suggested that
the formation of carbidic and CxHy species on the catalysts can be related to acetylene
dissociation and dehydrogenation. Methane TPH-MS revealed that acetylene decomposition
causes formation of carbidic compounds. These carbidic compounds bring about a decrease in
catalyst activity due to polymeric carbon onto the catalyst surface. Moreover, formation of these
carbonaceous materials onto catalyst active sites was considered to alter the distribution of FTS
products through affecting the 1-olefin secondary reactions. It was observed that the amount of
heavy hydrocarbons significantly decreased (Sage et al., 2017).

Zhou et al. (W.-G. Zhou et al., 2015) evaluated the effects of 1,4-butanediol (BDO) as
solvent using Co/MnOy catalyst in the FTO reaction. It was observed that BDO as a solvent
affected the light olefin selectivity (42.2 %) compared to the conventional Co/MnOx catalyst
(26.5 %). The main effect of BDO could be weakening the interaction of cobalt and support.
So that the cobalt density of the surface or the number of cobalt atoms in the catalyst increases
and the hydrogenation activity reduces. Co/MnOyx-BDO catalysts weaken the isomerization and
hydrogenation reaction, thus forming more light olefins. This catalyst also decreases the
methane selectivity, while doubling olefin/paraffin ratio (W.-G. Zhou et al., 2015).

Pedersen et al. (Pedersen et al., 2018) succeeded to synthesize CoMn/y-Al>O3 for light
olefins production. Manganese enhanced the activity and selectivity toward light olefins and
Cs+ species. In addition, the selectivity to CH4 decreased compared to the un-promoted Co
catalyst. Mn was suggested to change the degree of reduction of Co304 particles together with
a decrease in the cobalt surface area. Adding Mn to Co catalyst would lead to higher
temperature peak in temperature programmed reduction (TPR) profiles and delayed reduction
of Co030s. Mn also inhibited hydrogenation activity due to the decrease in CHz and CHa
formation (Pedersen et al., 2018).

Ryu et al. (Ryu et al., 2015) used Ru-, Pt- and La-promoted Co-Al,O3/ZSM-5 hybrid
catalysts for the direct production of gasoline (Cs-Cg) from syngas. Based upon NHs-TPD,
promoter addition affects the surface acidity of the catalyst and product distribution. The
catalytic activity of the promoted Co-Al,03/ZSM 5 catalyst was evaluated at 240 "C, 2 MPa
and H2/CO =2 for 40 h in FTS process. Among catalysts, the Co-Al,O3-Pt/ZSM 5 showed the
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highest conversion of 41.3 % while the olefin selectivity was just 17.9 %, which was related to
the presence of fewer acidic sites (Ryu et al., 2015).

Liu et al. (Liu et al., 2019) investigated the mechanisms of CO activation, methane
formation, and C-C coupling on three cobalt phases (Co, Co2C, CozC) to find active site which
affects the light olefins production in cobalt-catalyzed FTS reactions. It was found that the
phase change from metallic Co into CosC increases the selectivity to light olefins, although
C0.C exhibits much lower activity and high selectivity to methane formation. The
computational study was applied to indicate the dactive sites that affect the olefin production.
It was believed that the reactions conducted at the Co/CosC interface is related to the formation
and desorption of light olefins (Kitakami et al., 1997).

It is also discussed that Co catalyst deactivation is related to the carbide formation and
carbon deposition (Tan et al., 2010). Xing et al. (Xing et al., 2015) used hierarchical HZSM-5
and conventional HZSM-5 zeolite supports for cobalt catalysts in FTS to evaluate the selectivity
of the process. Changing the support pore size was found to influence the selectivity of products
like isoparaffin, olefin and hydrocarbon (Xing et al., 2015).

According to the literature for Co,C particle smaller than 7 nm, increasing the cobalt carbide
particle size enhanced the intrinsic activity and light olefin selectivity (Dai et al., 2019). Bulk
Co known as hexagonal close-packed (HCP) structure was the dominant phase for particle size
larger than 40 nm; however, the metastable Co of face-centered cubic (FCC) structure was
limited to particles smaller than 20 nm. Thermal phase transformation of HCP to FCC was
observed at 400 “C. It was suggested that Co-based catalysts of HCP crystal phase are more
likely to have higher FTS activity compared to FCC structure (Liu et al., 2017). Zhang et al.
(Zhang et al., 2020) suggested CHO-insertion and carbide mechanism for the initial formation
and growth of carbon chain over FCC and HCP Co facets. As it can be seen in Figure 2.6, initial
formation of CH> is contributed to CO direct dissociation and hydrogenation on HCP Co, while
in the case of FCC Co, CO hydrogen-assisted dissociation initiates formation of intermediates.
It was also reported that the carbide mechanism on Co preferably suggested higher selectivity
of Cz hydrocarbons compared to CHa4 (Su et al., 2017).

22



/ alkanes <--F-__R'C H, R'=RCH. \

Termination

C—C chain growth cycle

Carbide mechanism RCHZCHz

+H \_,_//
ﬁ +CH,

RCH <« _CH #H_ C
e ; P

Cco Direct dissociation

}n
alkanes

P RCH £ 5 O
/’_ Termination

A
RCHCHO C—C chain growth cycle WH

1
CHO insertion mechanism R'CH

Hydrogen-assisted dissociation

f Cl{() — 5> CH

& ° RCHCH oy J
70% fee Co

Figure 2.6: Schematic of the mechanism proposed for C-C chain initiation, propagation, and
termination over HCP and FCC Co catalysts. Reproduced with permission from (Zhang et al.,
2020).

Catalyst basicity effects

The basicity impacts the strength required for the hydrogenation of syngas on the transition
metals such as Mn, Fe, Co, and Ni. The basicity and reducibility of catalysts can be evaluated
by characterization techniques including CO-temperature programmed desorption (CO.-TPD)
and H-temperature programmed reduction (H2-TPR), respectively. Table 2.4 illustrates the
effects of nature of supports and active metals on the catalyst basicity, with CO2-desoprtion
temperature being increased for strong basic sites. As can be seen in Table 2.4, the type and
amount of alkali metal can influence phase transition in catalyst reduction, which is evaluated

by H>-temperature programmed reduction.

Xiong et al. (Xiong et al., 2015) investigated the effects of alkali metal promoters such as
Li, Na, and K on the catalytic performances of iron catalyst supported on carbon nanotubes in
FTS in the absence of strong metal support. Results demonstrated that addition of alkali metal
influenced the catalyst crystallite size, with the surface area being decreased. The basicity of

the alkali metal increases in the order Li < Na < K. It was also reported that an increase in Na
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and K loading increased the olefin/paraffin ratio and long-chain hydrocarbon formation (Xiong
etal., 2015).

Table 2.4: Techniques for investigating the basicity and reducibility of FTS catalysts.

Catalyst Technique Note Reference

Surface basicity of catalyst based on desorption peaks:
Moderate alkaline sites (Mg?*/O?*) around 160-400 °C
Strong basic sites (unsaturated O%) above 400 °'C
Fe/MgQ? CO,-TPDP MgO nanosheet: Mg?*/0%" around 350 ‘C (LI etal., 2018)
Unsaturated O% nearly 600 °C
For Fe/MgO-c-UlI, the ratio of medium/strong basicity is
higher than that of Fe/MgO-ns-Ul
CO; adsorbed on the alkali surface:

Unmodified Fe ore ?(Z)Oumol/l%
K/Culiron ore CO,-TPD HMOYE (Bae et al., 2019)
Fe/CU/K/SiOZ 129 pmol/g . - i

Iron ore-based catalysts contain Al,Oz which is more acidic

than SiO;

Reducibility of catalysts based on alkali type:
The First step reduction: The lower temperature peak:
Fe;03 — FesOq4
Alkali promoted Fe/SiO, H,-TPRY The first step reduction temperature increase in the order of (J. Li et al., 2016)
Li>Na>K>Rb>Cs
Subsequent reduction: The higher temperature peaks:
FesO4 — FeO and FeO — a-Fe
Reducibility of catalysts based on amount of alkali:
The first reduction temperatures shift to higher temperature
K/o-Fe204 H.-TPR by increasing potassium levels. (Niu et al., 2020)
The second reduction temperatures decrease with
increasing potassium.

2 Fe catalyst supported on MgO nanosheet (Fe/MgO-ns) and cubes (Fe/MgO-c) synthesized by ultrasonic
impregnation (Ul) method

b CO,-temperature programmed desorption

¢ Precipitated Fe/Cu/K/SiO; catalyst

d H,-temperature programmed reduction

In another study, addition of alkali to the Fe/SiO catalysts resulted in some changes in the
reduction of catalyst due to strong interactions between alkali and iron metal. Potassium would
lead to inhibition of the first reduction of iron oxide. However, it enhanced the metallic iron
formation from FeO and activity of iron catalysts in FTS. Moreover, by increasing the alkali
atomic number, the carbonization of catalysts enhanced (J. Li et al., 2016). Lietal. (J. Liet al.,
2017) studied the effects of alkali metals as promoters on iron based FTS catalysts. They
showed that Li and Na can penetrate to the catalyst surface. However, K, Rb, and Cs generally
are not able to diffuse into the catalyst. By using alkali cations, the selectivity toward olefin

and heavier hydrocarbons enhanced, while the selectivity toward methane and alkane decreased
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at the same time. It is confirmed that Li diffused out of the catalyst, however, K is less movable
in iron catalyst after FTS reactions. The main effect of alkalis was attributed to the surface
adsorption, with CO adsorption and dissociation being improved (J. Li et al., 2017). MgO as
both basic support and structural promoter in Fe-based catalyst can increase olefin to paraffin
ratio by suppressing secondary hydrogenation reaction. Fe-based catalysts in the form of MgO
nanosheet and MgO cube were prepared by incipient wetness impregnation, deposition-
precipitation, and ultrasonic impregnation methods. It was reported that Fe/MgO nanosheet
catalysts synthesized using ultrasonic impregnation method exhibited the strong basicity sites
of MgO (Table 2.4). The as-mentioned catalyst enhanced dissociative adsorption of CO and
demonstrated higher olefin selectivity of 29.6 % compared to the other catalysts (Li et al.,
2018). CO-temperature programmed desorption is mainly used to investigate catalysts in terms
of medium/strong basicity sites and CO> adsorption. It might be suggested that basicity of

catalysts enhances olefin to paraffin ratio in FTS by suppressing secondary hydrogenation.

Catalyst dispersion effects

The decrease in metal particle diameter greatly affects the chemisorption behavior of both
hydrogen and carbon monoxide, indicating the dispersion of catalyst active metal. Taking it
into account, CO-chemisorption and H-temperature programmed desorption (H2-TPD) in
conjunction with Oo-titration are proved effective methods to determine active metal dispersion
in catalysts. Table 2.5 illustrates active metal dispersion of different FTS catalysts for light
olefin production.

Nakhaei Pour et al. (Nakhaei Pour et al., 2017) investigated the effects of using magnetized
water in impregnation step of Co-based catalysts. They observed that the average particle size
of impregnated Co nanoparticles decreased from 12.4 nm to 9.8 nm, while metal dispersion in
H>-TPD increased in the range of 8.2-10.8 %. They also reported that with increasing
magnetized water, the selectivity toward higher hydrocarbon rose, however the selectivity of
C2-C4 decreased from 29.5% to 18.9% (Nakhaei Pour et al., 2017).
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Table 2.5: Techniques for investigating the dispersion of active metal in catalysts.

Dispersion Ca-Cq

Catalyst Technique Note Reference

y a (%) Selectivity (%)
ColTiO; y 4519 106209 T 350450°C U

. o ulse i _ . aahlamohlaka e
Co/TiO,@mSiO; chemisorption 3.6-3.7 5.2-21.7 FTS (T=220-250 °C, P=1 M_F:a_’l al., 2018)
CoRU/Ti0,@mSiO; 50-67  12.1-23.3 H2/CO=2, GHSV=800 mLg~h")

FTS (T=220 °C, P=2 MPa, Nakhaei Pour et al.,
Co/CNT H,-TPD 8.2-10.8 29.5-18.9 Hleg)ZZ GHSV=40 ng'lh'l) (2017)
CoPt/TiO,-CP 1) 20.4 5.4
o e 2- FTS (T=210 °C, P=1 MPa,

CoPY/TiOz-P1 o, titration 26.9 6.2 HoICO=2, GHEV=4 SLg ) (Hong et al., 2018)
CoPt/TiO,-P4 73.7 7.0
0CTAB-Co@CH 32.05 10.87
2CTAB-Co@C H,-TPD 2007 11.87 E:/chzzzzng%\/Pzzsz;\gI?s?_’g-lh-l) (Chen et al., 2019)
8CTAB-Co@C 38.51 11.27

a Mesoporous silica (mSiO-), ® Calcined CoPt/TiO, ¢ Plasma treated CoPt/TiO; for 1 and 4 h, ¢ Co catalyst embedded
in nanoporous carbon with m(CTAB)/n(Co)= 0, 2, 8; Cetyltrimethyl ammoniumbromide (CTAB)

Wang et al. (Wang et al., 2012) investigated the effects of Co catalyst particle size on the

turnover frequency (TOF) and CHa selectivity in FTS using a series of Co/SiO2 model catalysts

in the range of 1.4-10.5 nm. From Figure 2.7, it can be observed that the smaller Co particles

(1.4-2.5 nm) lead to lower TOF and higher CHjs selectivity (90 mol%) as compared to the larger

Co particles (3.5-10.5 nm) with TOF and CHjs selectivity being relatively constant (~72 mol%).

The effects of Co particle size in the range of 1.4-2.5 nm was attributed to the oxidation of

smaller Co particles in the presence of water vapor produced during reaction (Wang et al.,

2012).
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Figure 2.7: CHs selectivity and TOF for Co/SiO: catalysts of different sizes in FTS.
Reproduced with permission from (Wang et al., 2012).
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Phaahlamohlaka et al. (Phaahlamohlaka et al., 2018) reported the synthesis of a sinter
resistant Co-based catalyst supported on TiO encapsulated in a silica shell. Co/TiO2 showed a
decrease in dispersion after reduction at temperature between 350-450 “C, while the dispersion
of active metal in the case of Co/TiO.@SiO> catalyst remained constant after reduction. It was
also reported that after reduction, Ru-promoted Co/TiO.@SiO: catalyst exhibited an increased
metal dispersion (Phaahlamohlaka et al., 2018).

A highly dispersed iron-based catalyst supported on macroporous silica was investigated by
Liuetal. (Liu etal., 2016). The catalyst exhibited excellent catalytic activity in terms of olefin
selectivity (46.2 %) as well as CO conversion (63.4 %) without any promoter. This can be
attributed to high diffusion efficiency and high iron particle dispersion (Liu et al., 2016). In
another study, CoPt catalyst on TiO2 support was prepared by glow discharge plasma (GDP)
method. It was reported that applying plasma treatment, the smaller size of cobalt particles with
higher dispersion is achievable. It was suggested that the smaller size of particles resulted in
the more surface active sites, while the activity of catalyst decreased significantly (Hong et al.,
2018).

Gao et al. (Gao et al., 2016) implemented Fe-based catalysts for light olefins production in
FTS reaction with Zn as promoter using microwave-hydrothermal and impregnation methods.
They suggested that the dispersion of Zn directly affects the hydrogenation ability. In addition,
Zn enhanced catalyst selectivity to lower olefins (38.1-40.9 %) and also improved the catalyst
stability. The catalyst synthesized by the microwave-hydrothermal method showed high
dispersion of Zn and Fe phases and low carbon deposition. They reported that the
hydrogenation ability of the catalysts depends on the presence of Zn and its dispersion.
Homogeneous dispersion of Zn over the catalyst, reduces the masking of iron active sites on
the surface and leads to higher conversion (Gao et al., 2016). Chen et al. (Chen et al., 2019)
synthesized cobalt catalysts embedded in nanoporous carbon via carbonization of metal-
organic-framework (MOFs) precursor of CTAB-ZIF-67. H>-TPD showed high Co dispersion
and loading with increasing CTAB content (Chen et al., 2019). The selectivity to light olefins
and CO conversion in FTS are improved by active metal dispersion.

2.6  Metal support interaction effects
Type of support has a profound effect on the performance of a catalyst. As discussed in
section 2.4.1.3 and 2.4.1.4, the basicity and dispersion of support influence the catalytic
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behavior of metals. Activated carbon, carbon nanotubes, alumina, silica, and titania are widely
used as supports for FT catalysts.

Cho et al. (Cho et al., 2015) studied the support effect in Co/AISBA-15 catalyst. They
concluded that the increased C,-C4 selectivity was related to the formation of small cobalt
particles with higher oxidation state, stronger metal-support interaction, and less aggregation
of particles on the outer surfaces of the support, which suppressed heavy hydrocarbons
formation. It was suggested that the larger the support pore diameter, the higher the formation
rate of light olefins. The larger pore size of supports can also influence FTS product distribution
via formation of the larger CosO4 particles. In addition, formation of wax and water in the
mesopores during the FTS process could affect the diffusion rate of both H, and CO on the
cobalt active sites, with the diffusion rate of CO being higher than that of H> via wax-water
emulsion layers. As a result, the selectivity of olefins increased (Cho et al., 2015).

In addition, Anderson et al. (Anderson et al., 1949) reported that increasing the diffusion
rate of hydrogen into meso-macroporous catalysts would lead to an increase in H2/CO ratio
near active sites. Therefore, the selectivity tends to methane and light hydrocarbons (Anderson
et al., 1949).

Cheng et al. (Cheng et al., 2015c¢) studied the effects of support pore size on silica supported
iron catalysts in high-temperature Fischer-Tropsch synthesis. It was reported that larger pore
size of silica supported iron catalyst offers higher olefin and Cs- selectivity due to easier iron
carbidization (Cheng et al., 2015c).

2.6.1 Carbon nanotubes supported catalysts

Multi-walled carbon nanotubes (MWCNTS) are an attractive candidate for FTS due to their
impressive mechanical features, high accessibility of active sites, and lack of micro-porosity
eliminating intraparticle mass transfer (Yahyazadeh and Khoshandam, 2017). This type of
carbon material possesses an inert surface and weak interaction with metal components, thus
providing high dispersion of active metal sites with electron donor particles (Li et al., 2015).
Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have been extensively used as
catalyst supports due to their unique properties like large surface area, acceptable thermal and
chemical stability as well as high electrical conductivity. CNTs and CNFs as support enhance
the catalyst activity and selectivity in comparison with their common counterparts like activated

carbon (AC), alumina and silica.
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Lu et al. (Lu et al., 2014b) synthesized iron catalysts immobilized onto N-doped carbon
nanotubes for FTS to light olefins. The catalysts exhibited super catalytic selectivity (46.7%),
activity, and stability for production of lower olefins. This performance could be related to high
dissociative CO adsorption, inhibition of secondary hydrogenation of lower olefins, and
presence of active phase of x-FesC». Nitrogen leads to anchoring effect and intrinsic basicity of
the N-doped CNTSs support. This helps catalyst to avoid loss of active particles and basic sites
during FTS process (Lu et al., 2014b).

Wang et al. (Wang et al., 2015) developed CNTSs supported Fe catalysts using manganese
and potassium as promoters via two different synthesis methods. Results illustrated the
superiority of Fe/MnK-CNTs catalyst over FeMnK/CNTSs in terms of activity and stability to
light olefins. This can be due to small-sized and uniform nanoparticles, the weak metal-support
interaction, uniform distribution of promoters, and more defects on support in the case of
Fe/MnK-CNTs (Wang et al., 2015).

Roe et al. (Roe et al., 2017) investigated FTS using CNTs supported catalysts based on iron
in both gas phase (GP-FTS) and supercritical hexane operating conditions (SC-FTS; Tc = 234
°C, Pc = 2.97 MPa). It is believed that the carbon-supported catalysts offer high activity, low
CH,4 formation, and high selectivity toward olefins and oxygenates. A remarkable increase in
the extraction of olefins under SC-FTS operation was observed due to improved heat
management, thus reducing methanation and allowing intermediates to readsorb and continue
propagation. It was suggested that the chain growth factor, CO conversion, and selectivity
toward un-hydrogenated products could be enhanced under supercritical operation. It was also
observed that potassium promoter leads to considerable production of aldehydes in the Fe-
catalyzed FTS (Roe et al., 2017). Tables 2.6 and 2.7 provide a summary of different types of
supports used in FTS.

2.6.2 Alumina, silica, and titania supported catalysts

Alumina as an inert support with high mechanical stability can be used to study the
interaction between the promoters and iron active sites. To this end, Galvis et al. (Galvis et al.,
2013) reported that the addition of low amounts of S and Na to the catalyst resulted in high C»-
C4 olefins selectivity, increased catalyst activity, and reduced methane formation in FTS
reactions. In addition, they concluded that addition of extra Na decreased the catalyst activity

due to formation of more carbon deposition (Galvis et al., 2013).
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For silica supports, dispersion of active sites on the support is a function of the distribution,
concentration, and type of silanol groups on the surface of silica. Identified on the surface of
silica, H-bonded silanol group was believed to form larger metal crystallites compared to the
isolated silanol. Therefore, the higher concentration of isolated silanol groups on silica, the
higher was the catalytic activity of the silica supported catalyst (Okoye-Chine et al., 2020). To
study the effects of pore size on light olefins selectivity in FTS, Liu et al. (Liu et al., 2015a)
used Fe-Mn catalysts on modified silica support. The XRD results showed the pretreatment of
silica supports by ethylene glycol resulting in lower crystalline size of supported iron oxide. In
addition, H2-TPR profiles revealed that the silica support and small iron oxide particle (Fe203)
had a strong interaction. Therefore, it was concluded that light olefin formation is related to
iron or iron carbide particle size. It was reported that the smaller iron carbide particle would
lead to more light olefins production, less prone to deactivation.

Chernavskii et al. (A. Chernavskii et al., 2017) studied silica supported iron catalysts with
copper and potassium promotion for high temperature Fischer-Tropsch synthesis. It was
reported that the ratio of olefin to paraffin was increased with potassium promotion. Consistent
with previous research, alkali metals by electron donation would lead to higher rate of CO
dissociation. At the same time, alkali ions suppressed secondary olefin hydrogenation and
increase chain growth probability (A. Chernavskii et al., 2017).

In the case of titania supports, the metal active sites are difficult to reduce up to very high
temperatures due to the strong metal-support interactions. Addition of manganese enhanced the
selectivity of Fe or Co catalysts supported on TiO> toward lower olefins (Atashi et al., 2010).
Atashi et al. (Atashi et al., 2010) studied the cobalt-manganese catalyst on titania support for
hydrogenation of carbon monoxide to light olefins. It was reported that Mn promotion effects
on Fe catalyst would lead to high olefin formation (See Tables 2.6 and 2.7).

2.7 Promotion effects

The nature of the promoters used in commercial application of FTS is not disclosed. Here
promoters used to increase the olefin selectivity of Fe- and Co-based catalysts are presented in
Table 2.6 for Fe-catalysts and Table 2.7 for Co-catalysts. The most widely used promoters for
Fe-Based FTS catalysts includes K, Na, S, Zn, Mn, Zr, Bi, Pb, and Cu.
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Table 2.6: Light olefin selectivity of different Fe-based catalysts in FTO.

T P GHSV Co-Cs CcoO
Catalyst Promoter 2/ Reference
(MPa) (Lhg?) selectivity (%) conversion (%)
Fe/a-Al203 S/Na 340 2 3 1 50 60-66 (Galvis et al., 2013)
Fe/a-Al203-H? S 350 0.1 9 1 68 0.9 (X. Zhou et al., 2015)
Fe-Ni/Al203 K2S 340 01 3 2 77.8 64.6 (Feyzi et al., 2014)
Fe/CNTs Mn/K 270 2 30 1 51.7 30.1 (Chen et al., 2018)
Bi 350 0.1 3.4 1 60.9 10
Fe/CNTs (Gu et al., 2018a)
Pb 350 0.1 3.4 1 57.7 18.6
Bi,Pb/K 350 1 17 1 45-52.6 60.2-76.2
Fe/CNTs-Confined® (Gu et al., 2019b)
Bi,Pb/K 350 0.1 3.4 1 62.4-62 25.6-40.7
Fe/CNTs Mn/K 270 2 30 1 50.3 22.7 (Wang et al., 2015)
Fe/N-doped CNTs - 300 0.1 4.2 1 46.7 144
(Luetal., 2014b)
Fe/N-doped CNTs K 300 0.1 4.2 1 54.6 16.5
Fe/NMCs® - 340 1 - 1 33.9 92.6 (Liu et al., 2018)
Fe/CNTs K 270 2 18 1 422 28.8 (Duan et al., 2016)
Fe/CNF Na/S 350 0.2 12-24 10 50 10 (Xie et al., 2016b)
Fe/AC K 300 1 2.2 11 21.7 48.9
Fe/CSiO2¢ K 300 1 2.2 11 26.5 32.2 (Jiang et al., 2017)
Fe/SiC Na/S 300 0.2 2.2 11 51.4 10.3
Fe/SiO2-E® Mn 300 1 - 1 54.6 50.5 (Liu et al., 2015a)
Bi 350 0.1 3.4 1 53 17
Fe/SiO; (2V1>/ Ordomsky et al.,
Pb 350 0.1 3.4 1 32 55 017)
340 1 7.4 1.1 354 50.3
Fe/MnOx Ag (Xu et al., 2018)
320 1 7.4 1.1 343 55
Fe/MgO nanosheets - 300 1 8 1 14.6-29.6 35.5-55.6
(LIetal., 2018)
Fe/MgO cubes - 300 1 8 1 215 35.7
Fe-Cu/Graphite - 260 2 - 1.1 37.8 44.9 (C. Lietal., 2016)
Fe Na/S 330 2 12.9 4 64.24 25 (Botes et al., 2016)
- 280 2 3 19.3 91
Fe Na, K 280 2 3 1 23.3-22.1 93.2-97.1 (Y. Zhang et al., 2015)
Zn,Mn 280 2 3 1 18.1-34.1 98.3-37.4
Zn/Na 35 2 3 2.7 427 95.1
Fe (M. Zhao et al., 2018a)
Zn/K 35 2 3 2.7 37.2 95.02
Fe Zr 280 1 1 57 40.6 (zhang et al., 2019)
Mo/y-Al203 K 300 1 6 2 21.8 4.2 (T. Lietal., 2017)

2 Hierarchical a-Al,O3 support; ® Iron nanoconfinement inside carbon nanotubes; ¢ Nitrogen-rich mesoporous
carbon-supported Fe catalyst; ¢ Carbon-coated SiO,; ¢ Ethylene glycol pretreated catalyst

31



Duan et al. (Duan et al., 2016) studied the effects of potassium addition on Fe-CNT-
supported catalyst for the FTO process. It is believed that potassium as a promoter causes more
uniform and smaller iron particles, higher degree of iron carbidization, and more defects on
carbon nanotubes. The high stability of catalyst is also related to more defects on CNTs acting
as anchoring sites to stabilize iron nanoparticles. The additional potassium promoter in FeK
catalysts is favorable for obtaining higher yields of lower olefins and fuels (Duan et al., 2016).

Sodium and sulfur are promoters for iron catalyst which suppress methane selectivity and
increase C»-C4 products with maximum olefin content, respectively. Botes et al. (Botes et al.,
2016) showed that maximum C>-Cs selectivity was achieved at high loadings of these
promoters. However, for maximum CO conversion, lower promoter loading was required.
Additionally, it was reported that an increase in promoter concentrations increased the activity
without negative effects on selectivity (Botes et al., 2016).

Xie et al. (Xie et al., 2016b) studied the fundamentals of structure sensitivity and
combination of Na-S promotional effects on Fe/CNF in FTS for light olefins. They
implemented density functional theory (DFT) on H adsorption for a fundamental understanding
of (Na-S) promotion effects on selectivity. The researchers reported that Na.S is a better
promoter than Na>O because it increased the H adsorption strength on iron and reduced the
adsorption of carbon, thus decreasing methane formation and increasing olefin selectivity (Xie
et al., 2016b). Zhou et al. (X. Zhou et al., 2015) added sulfur to Fe/a-Al>O3 catalysts to obtain
highly efficient and carbon-deposit-resistant catalysts for FTO process. The promoted sulfur
catalysts exhibited low selectivity toward CO2 and CH4 and more carbon deposition. The
change in the type of carbon deposits from encapsulating carbon to fibrous carbon was related
to the sulfur addition.

Zhang et al. (Y. Zhang et al., 2015) investigated promoted porous iron-based catalyst
prepared through one-pot solvothermal method for FTS. They evaluated the effects of
promoters (Na, K, Zn, and Mn) and pore size on CO conversion and formation of light olefins.
For iron-based catalysts, alkali metal ions as a promoter donate electrons to the active surface
and improve the basicity. They suggested Na as the optimal promoter in FT synthesis. The
presence of Mn in the promoted Fe/Mn catalyst led to a rise in olefins formation (34.1 %) and
a decrease in methane selectivity, while the resultant CO conversion was 37.4 % (Y. Zhang et
al., 2015).
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Addition of zinc promoter to iron catalyst leads to the dispersion of iron sites. Hence, the
CO conversion increases, and the CO> selectivity declines. Zhao et al. (M. Zhao et al., 2018a)
prepared the Zn-modified iron catalyst using co-precipitation method for production of light
olefins from syngas. XRD patterns of calcined promoted iron catalysts revealed that Zn
promoter had significant effects on the crystalline structure of iron oxides. In addition, the
promoter avoided the sintering of a-Fe in the reduction process. They used Na* and K* as
electronic promoters and demonstrated their positive effects on the selectivity and activity of
iron catalysts for light olefins production (M. Zhao et al., 2018a).

Zhang et al. (Zhang et al., 2019) used Fe-Zr co-precipitated catalysts for the production of
light olefins using syngas. The addition of Zr enhanced the turnover frequency (TOF) of the
catalyst as well as its stability. It was suggested that Zr promotion facilitated the dispersion of
active crystallites, by decreasing the iron oxide crystal size. Hence the specific surface area of
the Zr-promoted Fe-based catalysts increased. Based on TPR profile, Zr promoted catalysts
started to reduce at a higher temperature. Finally, it was reported that the surface zirconium
species effectively suppressed the hydrogenation capacity of primary olefin products and
increased the olefin/paraffin ratio (Zhang et al., 2019).

Xuetal. (Xu et al., 2018) studied the catalytic performance of iron oxide catalysts supported
on Ag-doped mesoporous MnOy for FTS process. It was observed that Ag promoter increased
the activity of Fe/MnOx catalyst for CO conversion and improved the selectivity to light olefins.
The Ag promotion also increased the carburization of reduced metallic Fe into iron carbides at
low reduction temperature. Moreover, Ag enhanced the reduction of the MnOx as support and
provided more O vacancies for adsorption of CO, enhancing both the activity by 1-5 times and
the light olefins selectivity (Xu et al., 2018). Table 2.6 shows some Fe-based catalysts used in
light olefins production through FTO.

Bi and Pb possessing melting temperatures (Tp, = 327 ‘C; Tgi = 271 "C) lower than that of
FT process, provides promising contact with iron catalysts. In addition, Bi and Pb have several
oxidation states, resulting in favorable oxidation-reduction cycle (V. V Ordomsky et al., 2017).
These two promoters decrease the Cs+ selectivity with the product distribution shifting to
lighter hydrocarbons compared to alkali promoters (Gu et al., 2019a). It was reported that Bi-
and Pb-promoted catalysts led to an increase in the selectivity to light olefins (60 %) at

atmospheric pressure. It was found that the intrinsic activity of iron carbide active sites
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enhanced in the presence of promoters, facilitating CO dissociation via oxygen removal (Figure
2.8). It should be noted that, Gu et al. (Gu et al., 2019a) in a similar study evaluated the CNT
role as a support. They reported that the catalyst selectivity to light olefins enhanced
significantly due to synergetic effects of iron nanoparticles inside carbon nanotubes promoted
with Bi and Pb. Secondly, the iron reduction and carbidization under atmospheric pressure was
facilitated using CNTs support (Gu et al., 2019a).
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Figure 2.8: Schematic of soldering metal-promoted iron catalyst for FTO. Reproduced with
permission from (V. V Ordomsky et al., 2017).

For cobalt catalysts based on oxide supports, the most commonly used promoters are noble
metals, transition metal oxides, and some rare earth metal oxides. The most common promoters
for Co-based FTS catalysts are listed in Table 2.7, and include Al, Pt, Mn, Zn, La, Ce, and Ru.
The promoter favorably affects the structure and dispersion of cobalt species, FT reaction rates,
and product selectivity. Considering Co-based catalysts, Nabaho et al. (Nabaho et al., 2016)
studied promotion of platinum in cobalt-based FT catalysts. Pt promoters are more likely to
improve the reducibility of the catalyst despite physical separation of promoter from active
metal. The decoupling of hydrogen spillover effect was presented using a hybrid catalyst (i.e.
mixture of Pt/Al,O3 + Co/Al203). The high hydrogenation effect happened at Pt promoter
loadings greater than 0.1 % and CHj selectivity declines at low Pt loadings.

Zafari et al. (Zafari et al., 2017) reported the synergistic effects of Zn and Ce promoters on
the performance of Co-Mn/SiO; catalyst in FTS for olefins synthesis. CeO2 exhibited unique
redox property with the ability to shift from reduced state (Ce®*) to oxidized state (Ce**), which
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significantly enhanced the reducibility of the catalyst. From the results, Zn and Ce promoters

affected the surface area, pore volume, and pore size distribution, with surface area and pore

volume being increased. In addition, promoters facilitated high dispersion of catalyst
crystallites (Zafari et al., 2017).

Table 2.7: Light olefin selectivity of different Co-based catalysts in FTO.

T P GHSV C2-C4 COo
Catalyst Promoter H2/CO Reference
(MPa)  (Lhgh) selectivity (%) conversion (%)
Co-Meso-HZSM 52 - 240 0.1 = 2 29.1 79 .
(Xing et al., 2015)
Co-HZSM 5 - 240 0.1 - 2 30.9 75.9
Co/y-Al203 Ru/La 220 2 4-6 2 11.2 45.8
(Sage et al., 2017)
Co/y-Al,03-PT? Ru/La 220 2 4-6 2 15.9 43.7
Co/y-Al203 Mn 240 0.5 - 2.1 8-11 20-45 (Pedersen et al., 2018)
Co-Al203/ZSM 5 La 240 2 4 2 24.1 20.7 (Ryu et al., 2015)
Co/MnOx - 240 1 25 2 26,5 453 (W.-G. Zhou et al.,
Co/MnOx-BDO® - 240 1 25 2 422 423 2015)
Co-Mn/SiO2 Zn/Ce 260 0.1 4.5 1 10-36 80-90 (zafari et al., 2017)
Co/Al;,03 - 220 2 144 2 44.8-50.4 9.5
(Nabaho et al., 2016)
Co/Al,03+Pt/Al:03 Pt 220 2 144 2 46.2-59.2 13
Col/TiO2 - 220-250 1 0.8 2 10.6-20.9 18.6-36.6
ColTiO,@mSios® - 220-250 1 0.8 2 5.2-21.7 17-46.1 g%qas‘"’)‘h'am‘)h'aka etal,
Co/TiO2@mSiO2 Ru 220-250 1 0.8 2 12.1-23.3 31.6-58.9
Co/CNT : 220 2 004 2 18.9-29.5 5-84 (ke el
2017)
Co/CNT - 240 2 5 2 8.1-20.3 34.5-66.7 (Chernyak et al., 2020)
CoPt/TiO,-C® - 210 1 4 2 5.4 19.9
CoPt/TiO2-P1f - 210 1 4 2 6.2 48.2 (Hong et al., 2018)
CoPt/TiO2-P3 - 210 1 4 2 6.5 39.6
0CTAB-Co@C® - 230 2 6.75 2 10.87 35.62
2CTAB-Co@C - 230 2 6.75 2 11.87 34.15
(Chen et al., 2019)
4CTAB-Co@C - 230 2 6.75 2 11.21 36.20
8CTAB-Co@C - 230 2 6.75 2 11.27 40.08

a Hierarchical HZSM-5 zeolite support; ® Acetylene pretreated catalyst; ¢ 1,4-Butanediol (BDO) was used as solvent
for catalyst precursors; ¢ Mesoporous silica (mSiO,); ¢ Calcined CoPt/TiO; f Plasma treated CoPt/TiO, for 1, 3, and
4 h; 9 Cobalt catalyst embedded in nanoporous carbon with m(CTAB)/n(Co)=0, 2, 4, 8)

The effects of Mn, Ce, La, and Al on the final morphology of Co2C nanoparticles as FTO

catalyst were investigated (Z. Li et al., 2017). Mn as a typical electronic promoter formed a co-

precipitated CoMn catalyst, provided higher CO surface coverage and enhanced both the



activity and olefin selectivity. It was reported that at a high reaction temperature (260 "C), Mn
addition as a promoter led to decrease in methane selectivity and increase in the chain growth
probability. The olefin selectivity of the promoted catalysts synthesized by impregnation were
in the order: Co/Mn > Co/Ce > Co/La, which was similar to that of un-promoted Co304. Mn
promotion altered the chemisorption of the reactants on the catalyst and increased dispersion
of the active phase. It was concluded that the desired morphology is obtained by co-
precipitation of the cobalt species and the Mn promoter in the presence of Na (Z. Li et al.,
2017).

Li et al. (T. Li et al., 2017) evaluated the effects of potassium addition on catalytic
performance of alumina supported carburized molybdenum catalyst for FTS. It was suggested
that addition of potassium increased the interaction between molybdenum and alumina support.
Moreover, the selectivity of light olefins and long chain hydrocarbons enhanced, while the
reaction rate of FTS declined. The hydrogenation of olefins was avoided because of the increase

in catalyst basicity.

2.8 Current mechanism of Fischer-Tropsch synthesis reaction
As described in Eq (2-1), the reactants (CO and H»), adsorb and dissociate at the surface of
the catalyst to form methylene and H.O (Hassankiadeh et al., 2012).

2nH, +nC0 » —(CHy) =+ nH,0 AHgy.c = —1585-L (2-1)

Biomass is assumed as a feedstock gasified to generate synthesis gas for further conversion
into transportation fuels and other longer chain hydrocarbons in the FT process. The kinetic
studies of FT synthesis can be accomplished using empirical power law expressions
considering rate-limiting steps. The Langmuir-Hinshelwood-Hougen-Watson (LHHW) rate
theory has also been employed to describe the mechanism of FTS. The FTS kinetic has
extensively been studied, and in most cases, the mole fractions of hydrocarbons (M,) follow
Anderson- Schultz-Flory (ASF) model as function of the carbon number (n) and chain growth

probability (a):
M, = (1—a)a™? (2-2)

Under an idealized circumstance, « reflects the catalyst ability to catalyze chain propagation

as follows:
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In (%) = nlna + constant (2-3)

where W, refers to the mass fraction of species with chain length of n. There is a general
agreement that the product distribution follows the ASF chain-length statistics. As for the
lighter hydrocarbons (C1-Ca), the selectivity was predicted to be higher than «. However, as
shown in Figure 2.9, higher selectivity of heavier products (Cz1+) can be obtained at a larger
chain growth probability value. For the ideal ASF model, the FTS product distribution based
on carbon number is a function of the « value (K. Cheng et al., 2017).
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Figure 2.9: Product distribution in FT synthesis with respect to the chain growth probability
(o). Reproduced with permission from (Y. Cheng et al., 2017).

In 2015, Fortsch et al. (Fortsch et al., 2015) studied an extension of the ideal ASF model to
explain common deviations from experimental data for FTS reaction. It was also reported that
a negative deviation can be found at C» together with an enhanced methane formation
depending on the type of catalysts. The extended ASF model allows for significant data
reduction to characterize product distributions in the components with a higher carbon number.
Kinetic studies of FTS reaction using LHHW method are generally divided into two methods
to provide quantitative information for syngas consumption rates and product distribution rates.
The syngas consumption rate and the product (hydrocarbons) distribution rates can be estimated

by lumped kinetics and the traditional ASF model, respectively (Méndez and Ancheyta, 2020).

A kinetic model describing FTS over Co/Al;Os catalyst was introduced using CO-insertion
mechanism (Bhatelia et al., 2014). It was found that 1-olefin re-adsorption phenomena provided
an explanation for the observed deviation from a classical ASF distribution, with a linear chain
length dependency for FTS over Co catalyst. On the other hand, the activation energy for the
overall FTS was determined to be 99.15 kJ/mol, which was in close agreement with the range
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reported for cobalt catalyst. Through catalytic-polymerization reactions, a-olefins and paraffins

are formed on chain-growth sites as primary or secondary products (Figure 2.10). Dissociative

desorption and CO--hydrogenation reactions result in the formation of primary olefins.

Furthermore, associative desorption reaction occurs on the surface of active metal phases to

produce paraffins. Olefins isomerization can undergo secondary hydrogenation and lead to a

higher conversion to the corresponding paraffin due to their carbon number (Panzone et al.,

2020). For a comprehensive discussion on FTS mechanisms, a summary of major findings in

the FT kinetic modeling is given in Table 2.8.

Dissociative desorption: R — CH, — CH,(ads) - R — CH = CH, + H(ads)
Associative desorption: R — CH, — CH,(ads) + H(ads) - R — CH, — CH;
Reactions of olefins secondary hydrogenation:

isomerization hydrogenation

+H (1) +H(2)

R—-CH, CH=CH,<« >R —CH, — CH, — CH,(ads) ——5% R — CH, — CH, — CH,
Y +H(3) Pl
- ~THH(5)

—H(4 /
R —CH = CH — CH; — R — CH, — CH — CH;(ads)

Figure 2.10: Schematic representation of olefins’ isomerization and the corresponding
paraffin. Reproduced with permission from (Panzone et al., 2020).

Table 2.8: A summary of some kinetic studies predicating the FT reaction.

Catalyst Reactor Kinetic data acquisition conditions Summary Reference
Mn-Co/SiO,  Fixed-bed _abPeoPy, The kinetics of FTS was reported (Johnson
reactor ~Tco = (14 bP.y)? as a function of Mn/Co ratio, etal.,
temperature, and the partial 2015)
pressures of H, and CO
Co-Mn/TiO,  Fixed-bed _ kybcoPeoPu Non-linear regression method was  (Atashi et
micro-reactor “Trr =7 + beoPeo used to obtain activation energies al., 2010)
for optimal kinetic models
Co-Ni/Al,O3  Fixed-bed _ kpcopu: A kinetic model was established (Nikparsaa
reactor —Trr = (1 + apcopls)? with LHHW adsorption theory by  etal.,
fitting the experimental data of the ~ 2014)
partial pressures with the kinetic
equations
Co-Ni/SiO; Plug flow kP:I/zzpco Different mechanisms accordingto  (Sun et al.,
reactor Tpr = 1 LHHW indicates that model of CO  2016)
(1 + apco + bp?, + Cp;[/zzpco)z insertion mechanism yields the
most reasonable result
Co-Mn oxide  Fixed-bed _ kPco Py Based on carbide/ enolic (Mansouri
reactor ~Trr = (1 + aP% + bPo PY5)? mechanisms and LHHW approach, et al.,
the activation energy for the best 2013)
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fitted model was found to be 80.63
kJ/mol.

Fe-Ni-Ce Fixed-bed —Tco Levenberg-Marquardt (LM) (Abbasi et
micro reactor kybcoPeo(byzPuz)? algorithm was employed in al., 2019)
T (1 + 2(bcoPeo)® + (byaPuz)®5)® obtaining the kinetic model and
parameters
25%Co/Al,03 Continuously 0.0133P; 31 P58 Addition of 10% water lowered (Maetal.,
stirred tank Trr = 0.24P,5, CHjy rate during FTS on the 2014)
reactor (1- Pis ) unpromoted cobalt catalysts, while
(CSTR) catalyst deactivation was observed
slightly
Fe-Co- Fixed-bed k(b2 Pi2) (booPeo)®? LHHW approach was used to (Oliaei
Mn/MgO reactor Trr = [1 + (byzPuz) + 2(booPeo) 52 obtalr) Co consumption rate Torshizi et
equations based on eight al., 2015)
mechanisms. The activation energy
for the best fitted model, which
was estimated from non-linear
regression method, was 85 kJ mol*
Fe-Ni/Al,O3  Fixed-bed A PcoPSs High apparent activation energies (Sarkari et
micro reactor Tco = (1 + kcoPeo + kPrao)? for h_ydrocar_bon for_matlon were al., 2012)
consistent with the intraparticle
mass transport limitations
K promoted Microchannel —Ter Eley-Rideal-type mechanism was (Sun etal.,
precipitated reactor Py, Peo determined to be the best fitting in ~ 2017a)

iron

both statistical and physical

=A
(14 aPeo + bPyy + cPF,Puz0Peo2)?
relevance

FTS follows a polymerization mechanism via initiation, propagation, and termination, and
in situ studies such as X-ray absorption spectroscopy (XAS) provide a better understanding ofs
FTS catalyst at realistic conditions. Tsakoumis et al. (Tsakoumis et al., 2012) investigated the
catalytic properties and performance of rhenium promoted and un-promoted cobalt-based
catalysts using in situ X-ray absorption and diffraction experiments. The catalytic activities
were evaluated in a fixed-bed reactor at 493 K, 1.8 MPa, H2/CO = 2.1, and suggested the
absence of bulk Co transformations at the initial FT catalyst deactivation. The addition of
rhenium was observed to affect the transition from CoO to metallic Co.

The catalytic activity and carbide formation of the Co/TiO> catalyst for 48 h time-on-stream
was studied using GC and operando XRD (Van Ravenhorst et al., 2021). Cobalt carbide
formation, Co particle growth, and Co oxide formation were investigated to explain Co/TiO>
catalyst deactivation. As shown in Figure 2.11, to gain fundamental insights into the FTS
catalysts during deactivation, operando XRD and XAS measurements were performed,

indicating the start of carbide formation (gray dotted line in Figure 2.11 a-c). More specifically,
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the selectivity of the 10 wt% Co/TiO- catalyst changes from longer chain hydrocarbons to
methane during 48 h time-on-stream. Operando XAS shows the corresponding Co K-edge
XANES spectra (Figure 2.11 d) and magnitude of Fourier transform of the reference materials
along with catalyst (Figure 2.11e,f). These synchrotron XAS spectra provide considerable
change in Co pre-edge distinct which implies the metallic Co in the fresh reduced catalyst

undergoing carbidization (Co2C).
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Figure 2.11: (a-c) The activity and selectivity measurements of the Co/TiO> catalyst during
48 h using GC and operando XRD; (d-f) Operando XAS Co K-edge spectra of Co/TiO-
during FTS (P: 1.6 MPa, TOS: 48 h, H,/CO: 1, T: 220 C). Reproduced with permission from
(Van Ravenhorst et al., 2021).

Considering reaction mechanism for iron catalysts, Peron et al. (Peron et al., 2021) prepared
a series of promoted iron catalysts supported on amorphous SiO> through impregnation and
mechanical mixing. The in-situ XANES spectra at the Sb K- and Sn K-absorption edges
confirmed that the mechanism of the promotion with Sn can be different from that with Sh.
Comparison with the reference XANES spectra provides a quantification of various Sh phases
during the catalyst reduction.
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Pena et al. (Pefia et al., 2018) reported that carbon species on iron-based catalysts such as a-
olefins from wax products during FTS may inhibit complete catalyst carburization. In situ
XANES measurements demonstrated common features of Fe® and FesC» phases. XRD analysis
of the spent catalysts displayed Hagg carbide phase related to wax products. The sintering of
Hégg carbide nanoparticles was enhanced by WGS reaction and formed stable complexes
resistant towards hydrogenation during FTS. Different phases of iron such as FeO, FesC; and
Fe® were identified by a linear combination fitting (LCF) of the XANES. The interaction of

carboxylate species with iron oxide sites can suppress iron catalyst carburization during FTS.

It was reported that Co.C precursor can potentially allow modifying Co-based catalyst
microstructural properties at the nanoparticle (NP) level (Tsakoumis et al., 2019). K-edge Co-
XANES spectra confirmed that the reduced catalysts at different temperatures form hcp-rich
metallic Co NPs, resembling bulk cobalt. According to the findings reported, FTS on hcp-Co
NPs with lowest number of defects leads to the highest selectivity to Cs+ and chain-growth

probability due to stacking faults.

In another study by Bertella et al. (Bertella et al., 2020), in situ XAS was conducted to
investigate Ru promotion effects on Co/TiO2 FTS catalysts. According to in situ XAS
measurements, a high loading of Ru (above 0.2 wt%) could partly cover the most active metallic
Co catalysts, resulting in CoOx species. It was suggested that Co® could donate partial electron
charge to Ru® with transformation of Co° to Co®". This electron donation at a high Ru
concentration could promote an irreversible adsorption of surface oxygen obtained by
dissociatively adsorbed CO on Co®". The influence of Ru loadings on the reduced CoRu/TiO>
catalysts during FTS was assessed by EXAFS. The spectra for promoted catalysts showed a
few changes in the Ru coordination environment, which is mainly attributed to a variation in
Ru coordination number and the interaction between Ru and adsorbed species such as hydrogen
and carbon adatoms. The higher the Ru content (>> 0.2 wt%) was, the less noticeable changes
in higher shells were. Table 2.9 shows a summary of notable studies using synchrotron analysis
to understand the reaction mechanism in FTS. FTS reaction mechanism is still controversial
due to different phases produced during the pretreatment of the catalysts and the complex

reaction network.
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Table 2.9: Synchrotron methods employed in characterization of Fe and Co FTS catalysts.

Catalyst Synchrotron Key findings Reference
characterization
techniques
Co/TiOy STXM-XAS The structure-performance relationship between the Co (Yaoetal.,
valence state and the organic films obtained with the aid of 2018)
C K-edge NEXAFS spectra
ColTiO,, XAS, DRIFTS, XAS The increase in activity measured for dried reduced versus (Mitchell et
Co/Al03, dried calcined reduced catalysts is strongly related to al., 2018)
Co/SiOy, hexagonal Co sites
Co/ZrO,
Fe (110) single- In situ XPS Iron carbides (octahedral and trigonal prismatic) in the active  (Shipilin et
crystal surface state of the catalyst confirmed that the CO insertion step is al., 2022)
not involved in the FTS
ColTiO; XAS/X-PEEM The oxygen vacancies as determined from the O K-edge (Qiuetal.,
spectra, prevent total reoxidation of Co nanoparticle in 2022)
syngas and improves catalyst performance
NaSFeMnOx XAS Promoters enhanced the formation of active species of FesC,  (Yang et al.,
(XANES+EXAFS) and olefins by suppressing the oxidation state of Fe and 2022)
enhancing formation of carbonized species
Fe-based NEXAFS In situ techniques were used to investigate the activation and  (Nielsen et
carburization of iron oxide FTS catalysts al., 2020)

2.9 Techno-economic analysis

To be able to compare different studies like Biomass-to-Liquids (BTL) and combined
processes, crude oil pricing is important. Moreover, local government policy for controlling
greenhouse gas (GHG) reduction, land management, and types of feedstocks is of great
importance (Y. Liu et al., 2020). Commercial companies such as Shell and Sasol use Gas-to-
Liquids (GTL) and Coal-to-Liquids (CTL) for the production of synthetic fuels. Using bio-
renewable sources like biomass is a viable option for fuel and chemical production instead of
fossil-based materials in terms of carbon dioxide emission. The BTL process consists of various
steps like transportation, gasification, Fisher-Tropsch synthesis, and upgrading the products
(Martinelli et al., 2020).

Thai et al. (Do and Kim, 2020) used Aspen Plus to model and simulate the direct
hydrogenation of carbon dioxide to light hydrocarbon. Criteria such as carbon element
efficiency, environmental performance, and unit operation cost were studied. The techno-
economic study of the FTS for liquid fuels production can be done by considering all mass and
energy conversion of biomass to liquid (BTL).
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Snehesh et al. (Snehesh et al., 2017) analyzed four different conversion scales ranging from
43% to 73% of FT reactors. They found electricity to be a major co-product in the BTL system,
while a consistent and economic source of biomass is absolutely crucial. In addition, production
of drop-in biofuel obtained from biogas using FTS was studied by Okeke et al. (Okeke and
Mani, 2017). Aspen Plus simulation platform was applied to conduct a techno-economic
assessment. As a result, it was suggested that a biogas to liquid (BgTL) plant has a potential for
rapid commercialization and competition with traditional fossil-based liquid fuels in USA. The
production cost of drop-in biofuel at target year of 2015 was reported at $5.29 per gallon of
gasoline (Okeke and Mani, 2017).

Liu et al. (Y. Liu et al., 2020) investigated the FT process for conversion of natural gas to
light olefins. Based on the techno-economic analysis, the capital expenditure of the FeMnCuK-
based FTO plant for treatment of 360 MT natural gas per day was $170.8 MM. The cost of
production for target year of 2012 was $679/MT light olefins, which was ~$2.25 per gallon of
light olefins at target year of 2015 (assuming average density of 1.31 kg/m? for C2-C4) (Y. Liu
et al., 2020). A summary of equipment costs for each section of both processes together with
their block flowsheet is shown in Figure 2.12 (Y. Liu et al., 2020; Okeke and Mani, 2017).
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Figure 2.12: Block flowsheet of Fischer-Tropsch to light olefins (left) and Fischer-Tropsch to
liquids (right) with percentage cost of installed equipment. Reproduced with permission from
(Y. Liu et al., 2020; Okeke and Mani, 2017).

Applying techno-economic analysis, Fischer-Tropsch kinetics were investigated to develop
process models and the effects of the paraffin-to-olefin ratio. It was concluded that co-
processing natural gas and biomass not only improves the economic benefits of converting
biomass-to-liquid fuels, but also facilitates flexibility in process integration (Sahir et al.,
2019b). It was suggested that by optimizing FT kinetics and process integration strategies, the
products can be controlled in terms of fuel ranges. Co-feeding natural gas and biomass, Rafati
et al. (Rafati et al., 2017) studied the FTS process for production of liquid fuels. Although costs
of liquid fuels reduced nearly 30% by co-feeding, production of FT biofuels at oil price of
$60/barrel is not economically feasible (Rafati et al., 2017).

The FTS has been studied widely in terms of economic feasibility and environmental

impacts. Table 2.10 provides some of the studies on techno-economic assessment of FT plants

44

Sygas
Production,
41%



integrating with bioethanol, supercritical water reforming, electrolysis, direct methane to

methanol, methanol-to-gasoline, and the Topsoe integrated gasoline synthesis technologies.

The feedstock of these plants was mostly biomass, biogas, bio-oil, natural gas, renewable

electrolytic H> and ethanol industry derived CO,. Compared to the conventional FTS plants,

these FT-based plants were environmentally friendly due to applying renewable resources,

while in most cases the minimum fuel selling prices could not compete with the market prices,

indicating the necessity of providing governmental subsidy and tax concessions or exemptions

in FTS plants.

Table 2.10: Techno-economic assessment of Fischer-Tropsch synthesis.

Process-Catalyst Notes Reference
FTS-Bioethanol -Conversion of biomass-derived syngas to syncrude (biogasoline and biodiesel)
plant -Reactant flow: 3305 kg syngas/h, product capacity: 1000 kg syncrude/h (Borugadda
-Fe/CNT pellet -Net annual profit: 5.2 MUSD/year, internal rate of return: 107.9% etal., 2020)
LI -Environmentally friendly process

-Conversion of biomass to FT liquids

-Overall thermal efficiency of biomass to FT liquids considering electricity output

was in the range of 41.3-45.5% for Fe- and Co-based catalyst.
FTS -Co-feeding of natural gas and biomass reduces costs of biomass pretreatment and  (Rafati et al.,
-Fe and Co Cata|yst gaSiﬁcation. 2017)

LTFT and SCWR?

-Not mentioned

FTS and co-
electrolysis?

-Co catalyst

-Co-feeding of natural gas and biomass reduces costs of FT liquids about 30%
(from $28.8 to $19-$20 per GJ of FT liquids).

-Production of FT biofuels at oil price of $60/barrel is not economically feasible.

-Integrating LTFT with SCWR of bio-oil aqueous phase to produce biofuels and
electricity

-Plant capacity: 60 t/h, feeding concentration: 25 wt%, return rate: 10%
-FT liquids: 0.93€/kg diesel, 0.26€/kg jet fuel, 1.20€/kg gasoline
-Electricity selling price: 0.17€/kWh

-Decrease in selling price by increasing plant size (20-200 t/h)

-Fuel production via Power-to-X process

-Reduced numbers of reactors and heat exchanger compared to Power-to-X
technologies®

-Overall energetic efficiency: 68% (62% considering heat losses)
-Focus on valuable products like waxes favor economic feasibility

-Capital expenditure of the plant: 194,000€/bpd which is higher than that of
commercial plants e.g., Velocys (90,000€/bpd), Shell/Pearl (122,000€/bpd), and
Sasol/Oryx (25,000-44,000 €/bpd)

(Campanario
and
Gutiérrez
Ortiz, 2017)

(Herz et al.,
2018)
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FTS

-Not mentioned

FTS and DMTM®
-Co catalyst

FTS, MTG,
TIGAS'

-Co catalyst

FTS

-Barium zirconate-
based perovskite-
type catalyst

FTO"
-FeMnCuK
-Fe,03

FTS

-Not mentioned

-Availability and cost of renewable electricity affect the production cost
-Conversion of lignite and woody biomass to jet fuel and electricity
-Plant profitability is sensitive to biomass input fraction

-High moisture content of biomass (43%) causes energy penalty
-Co-firing of lignite and biomass is less profitable than solely biomass

-Carbon-negative plants (only biomass input) are economically feasible at oil
prices below $100/bbl with carbon emission price above $120/tonne CO2q

-Conversion of natural gas into liquid products

-Unit cost of DMTM process is sensitive to the methane recycle ratio
-Unit cost of FTS in MCR is less sensitive to the tailgas recycle ratios
-Higher energy requirements compared to conventional GTL technologies®

-For internal rate of return (IRR) above 10%, tailgas recycle ratio has to be above
8% at CO conversion of 80%, while the minimum methane recycle ratio of 60% is
required for profitability

-For profitability index (PI) >1, tailgas recycle ratio of 15% (at CO conversion of
80%) and minimum methane recycle ratio of 55% is required®

-Conversion of biomass to liquid hydrocarbon fuels via Biomass-to-liquid (BTL)
process

-Modelling of BTL systems for gasification of woody biomass

-Overall energy efficiency of BTL: 37.9-47.9% lower heating value (LHV)
-Production costs of BTL: 17.88-25.41€ per GJ of produced fuels

-BTL production costs is 8% higher than current market prices

-Conversion of H,+CO- to FT liquid fuels via electricity generated from
renewable source

-CO; and H; are provided by ethanol plant and electrolysis, respectively.

-H; price ($2/kg via electrolysis in 2020) has the largest impact on the minimum
selling price of FT fuel ($5.4-5.9/gal)

-Conversion of 223 metric ton Hy/day and 2387 metric ton CO2/day into 351
metric ton/day of liquid FT fuel obtains overall energy efficiency of 57.5% LHV
and 52.2% HHV?

-CO2 and H prices are required to be $17.3/metric ton CO- and $0.8/kg H> to be
cost-competitive with petroleum diesel price of $3.1/gal in 2050

-Conversion of natural gas into light olefins

-Capital expenditure of the FTO plant: 170.8 MM$ for treatment of (360 MT/day
and 18849 MMBtu/day) of natural gas

-Internal rate of return for FeMnCuK-based FTO plant: 20%
-The levelized production cost: $679/MT in year 2012
-Conversion of biogas to drop-in diesel fuel in biogas-to-liquid (BgTL) plant

-Minimum selling price of the FT drop-in fuels: $5.67/gal (feed capacity:2000
Nmd/h)

(Kreutz et
al., 2020)

(Santos et
al., 2021)

(Dimitriou
et al., 2018)

(Zang et al.,
2021b)

(Y. Liu et
al., 2020)

(Okeke and
Mani, 2017)
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-Increasing feed capacity to 20000 Nm?®h reduces minimum selling price to
$2.06/gal

-Co-conversion of natural gas and biomass to transportation fuels
FTS -Hydrocracker increases the production of diesel and jet fuels (Sahir et al.,

- -Minimum fuel selling price: $2.17-3.60 and $2.47-3.47 per GGE' with and 20Eh)
without hydrocracker, respectively

@ Low-temperature Fischer-Tropsch and supercritical water reforming

® Coupling of electrolysis and a chemical synthesis step; Power-to-Gas, Power-to-Fuel, Power-to-Chemicals
¢ FTS in microchannel reactor (MCR) and Direct methane to methanol

d Gas-to-liquid

¢ Profitability index is the ratio of net present value to fixed capital investment (Pl = NPV/FCI)

f Methanol-to-gasoline (MTG) and the Topsoe integrated gasoline synthesis (TIGAS)

9 Higher heating value

" FT synthesis to light olefins

" Gallon gasoline equivalent

2.10 Fischer-Tropsch synthesis plants; Lifecycle assessment

Due to the petroleum-based fuel with low oil price, many studies included system design,
integration and optimization considering high value-added chemical. For instance, one solution
to improve the production of C»-Cs olefins via catalytic performance is optimization of reaction
conditions (Jiao et al., 2016). By doing a lifecycle assessment (LCA) of the economic, energy,
and environmental aspects of the FT process, waste released, and raw material consumption
can be reduced. Different potential for global atmospheric and toxicological impacts is
evaluated via LCA (Huang et al., 2018). The potential for global atmospheric impact involves
global warming, ozone depletion, acidification, and photochemical oxidation. Human toxicity
potential by ingestion (HTPI), human toxicity potential by exposure (HTPE), terrestrial toxicity
potential (TTP), and aquatic toxicity potential (ATP) are categorized as potentials for global
toxicological impact (Borugadda et al., 2020). Calculating carbon and energy balances of 14
different FTS fuel production plants, LCA suggested that the cost of FTS diesel depends
significantly on feedstock prices (Van Vliet et al., 2009). Coal to oil process via FTS consists
of coal mining, washing, transportation, and FT synthesis. However, oil refinery contains crude
oil extraction, oil transportation, and petroleum refining (Huang et al., 2018). Table 2.11
discusses some plants integrating FTS with biogas dry reforming, gasification, supercritical
water reforming, and direct air caption technologies. These studies mostly focused on FT fuel
production from renewable sources like biomass, solar- and wind-based electrolytic hydrogen,

and CO; byproduct e.g., corn ethanol industry COs,.
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Table 2.11: Lifecycle assessment of Fischer-Tropsch synthesis.

Process Notes Reference
-Conversion of biogas to liquid fuels
-Functional unit of the LCA study is defined as 1 kg of synthetic biodiesel produced at plant N
avas-
BDRe, FTS  -Lifecycle environmental profile of synthetic biodiesel is calculated and compared with conventional Anguita et
diesel al., 2019)
-Evaluation of the plant in terms of global warming, cumulative non-renewable energy demand, ozone
layer depletion, acidification, and eutrophication
-Conversion of coal to FT oil
-Study focused on LCA of energy use, CO emission and cost input of FTS from coal and its competitor
LTFT - . : . : - (Huang et
HTET® -Mining and washing of coal, and oil production cause the energy input and CO2 emission al., 2018)
-The FTS plant from coal to oil is not beneficial compared to oil refinery pathway in terms of energy
use and greenhouse gases emission
-Conversion of biomass to FT jet fuel
-Lifecycle includes the stages of biomass growth, collection, transportation, plant construction and
demolition, production, product distribution, and consumption
Gasification -Application of steam for heat supply (casel) and power generation (case2) (Lietal,
£TS -Cases1 and 2 are better than the commercial plant due to reduced nonrenewable resource consumption  2019)
and pollutant emissions, while production costs increase.
-The pollution mitigation benefit of casel and 2 are small, the consumption of CO; is much less than in
traditional processes
-Casel and 2 are sensitive to consumption of electricity and stalk, respectively
-Production of biofuels via SCWR-LTFT and HT which process bio-oil agueous phase and oil phase,
. :
SCWR respectively (Gutiérrez
LTFT -Estimating the cradle-to-gate environmental impacts especially the global warming potential (GWP) Ortiz et al.,
HT® -Hot water produced in the process is considered as a co-product to be used for district heating. The 2020)
impact of catalyst is accounted for in the process to produce biofuels
-Conversion of H, and CO; into FT fuels
-H> is provided by water electrolysis with electricity from solar, wind, and nuclear sources
. -CO; is provided by corm ethanol industry byproduct (Zang et
-investigation of greenhouse gas (GHG) emissions of FT fuel plant al., 2021a)
-Environmental impacts and GHG emissions of FT fuel plant are evaluated using GREET 2020 model®
-Energy efficiency of FT fuel production: 58%
-Conversion of miscanthus biomass to biogas via anaerobic digestion
-Production of drop-in FT biodiesel by FTS
FTS -Focus on emission of CO,, CHa, and NO, which contributes to global warming potential (?k‘;ggoet)
al., a

-Compared to commercial plants, the drop-in FT biodiesel reduces both GHG emissions (by 73%) and
fossil fuel depletion (4.91 MJ/GGE), while potential of respiratory impacts, smog formation,
acidification, and eutrophication is higher.
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-Conversion of CO, (obtained by DAC) and H; (obtained by electrolysis) into FT biodiesel
-Evaluation of GHG emissions from the DAC-FTS to biodiesel plant (C. M. Liu
DACE, FTS  -The electricity emissions factor used in the process is relatively low etal.,

-The biodiesel plant is suggested to be conducted in regions with very low grid emission factors gey)

-The biodiesel is suggested to be co-located with a renewable energy facility

@ Biogas dry reforming

b |_ow-temperature and high-temperature Fischer-Tropsch synthesis

¢ Supercritical water reforming and hydrotreating

d Greenhouse gases, regulated emissions and energy use in transportation
¢ Direct air capture system

2.11 Conclusions

Production of light olefins through Fischer-Tropsch synthesis using syngas as feedstock is
an issue of great importance. Development of catalytic systems in terms of activity, selectivity,
and stability is required to consider it feasible that light olefins can be produced on an industrial
scale via FTO. Iron can be suggested as the promising metal for light olefin synthesis as it is
more tolerant of sulfur contaminants present in hydrogen-deficient syngas obtained from
biomass, inexpensive, and highly selective toward light olefins. Activity of Fe for water-gas-
shift (WGS) reaction can compensate for Hz deficiency in CO-rich syngas. Fe exists in different
forms (x-FesCo, e-Fe,C, £-Fe22C, and Fe7Cs) as iron carbide which is known to be the active
phase in typical FTO process. Among these carbide phases, the highest activity and the lowest
methane selectivity belong to Fe;Cs and e-Fe>C for medium range of temperature in FTO.
Compared to Fe, Co-based catalysts exhibit high catalytic activity, low WGS activity, and
superior stability. Due to low activity for WGS reaction, Co catalysts require higher ratios of
H2/CO in comparison with Fe-based catalyst. Formation of light olefins over Co-based catalysts
is mainly attributed to the reactions taking place at the Co/CosC interface. In terms of crystal
phase, hexagonal close-packed (HCP) structure of Co is believed to have higher FTO activity
than face-centered cubic (FCC).

Selection of support, promoter, catalyst synthesis method, and process conditions can
significantly affect the output. The support should be capable of providing desirable interaction
with active metal and promoters. Promoters should be used cautiously to avoid catalyst
poisoning. Basicity of catalysts can be improved by adding alkali metals enhancing syngas
hydrogenation. Strong basicity sites would offer an enhanced dissociative adsorption of CO
and higher olefin selectivity compared to medium basicity sites. Phase transition in catalyst
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reducibility is also affected by adding alkali metals. That is to say, the low-temperature
reduction would be inhibited, while high-temperature reductions will be enhanced by
increasing alkali metal promoters. It is suggested that Fe-based catalysts possessing terrace or
hierarchical sites with pores of molecular sieves are feasible to increase light olefin production
during FTS. Surface modification of Fe catalysts supported on carbon materials with nitrogen-

containing functionalities is also observed to increase light olefins selectivity in FTO.

Catalyst deactivation can be intensified by inadequate selection of the support, promoter,
and synthesis method resulting in the catalyst poor structure. Fe particles as active metal require
protection against re-oxidation, carbidization, carbon deposition, and sintering through
designing a robust catalytic system specially by incorporating Fe particles within support
porous network. Confinement of Fe nanoparticles inside carbon materials like carbon
nanotubes would offer high dispersion of active metal within carbon nanotubes protecting
metals from deactivation. Promoted core-shell Co-based catalysts with enhanced dispersion of
active metals would also be another good candidate for Fischer-Tropsch to light olefins due to

sintering resistance.

The economic, energy, and environmental aspects of the FTS process as well as carbon and
energy balance of the process can be calculated applying a techno-economic and lifecycle
analysis (TEA/LCA), thus suggesting a decrease in both the waste released and raw material
consumption. Although the FTS-based plants are mostly environmentally friendly with
pollutant emissions and nonrenewable source energy demand being reduced, the minimum
biofuel selling price still cannot compete with the market prices of petroleum fuels. Therefore,
it is necessary for governments to provide renewable FTS plants with governmental subsidy

and tax concessions or exemptions, helping them to survive in the global market.
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CHAPTER 3: Experimental Section

The details on the materials, methods of catalyst preparation, catalyst characterization,

experimental study, as well as feed and products characterization are given below in detail.

3.1 Materials section

In this work, the chemicals utilized, their purity and suppliers are as follows: calcium
carbonate 100%, Fisher Chemical FLC64500, Oakville, Canada; iron (I11) nitrate nonahydrate
99+%, Thermo Fisher Scientific 202492500, Ottawa, Canada; aluminum oxide, Alfa Aesar
AA4385530, Tewksbury, United States; commercial carbon nanotubes, Mknano Co. (M.K.
IMPEX MWCNT-P0815, Ottawa, Canada); ammonium molybdate ((NH4)sM07024.4H>0,
Fisher Scientific, Hanover, PA); potassium nitrate (KNOs, Fisher Scientific, Hanover, PA);
nitrogen (Ni-T), acetylene (AC 2.6 AA-A4), hydrogen (HY 5.0 UH-T), and syngas
(COAR10H1ZC-AT) were purchased from Linde, Saskatoon, Canada Inc.

3.2 Synthesis and preparation of CNTs support and corresponding catalysts

3.2.1 Synthesis of CNTs support via catalytic chemical vapor deposition method

Carbon nanotubes were synthesized over Fe/CaCOs3 catalyst using acetylene as hydrocarbon
source in a chemical vapor deposition (CVD) reactor (internal diameter: 1 in; effective length:
24 in). In each run, 0.19 g of the catalyst was uniformly distributed in an alumina boat and then
was located at a 12 in distance from quartz reactor entrance. Figure 3.1 illustrates the
experimental setup for CNTs growth where the catalyst boat was placed in the quartz reactor
surrounded by a horizontal electric furnace (1740 W, 1200 'C maximum temperature). To avoid
air flow to the reactor, the CVD system was purged of air by N2 (30 mL/min), while heating at
a rate of 10 "C/min. Once the set temperature was achieved (700-800 "C), hydrogen flow (100
mL/min) filled the reactor to reduce the metal oxides for 1 h. Subsequently, acetylene (20
mL/min) was fed to the reactor at the same temperature. The reaction continued for the desired
reaction time of 30-60 min. After the reaction was completed, the CVD reactor was cooled
down to room temperature by nitrogen flow. Finally, the CNTs yield was obtained by
measuring the product weight inside the alumina boat according to the Equation (3-1)
(Mohammed et al., 2017):
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M, . —M
CNTs yield (%) = — 22— 100 (3-1)

Catalyst

where Mrotal and Mcatalyst represent the total mass of the carbon products and catalyst residue
obtained by CCVD method and the initial mass of the calcined Fe/CaCOs catalyst, respectively.
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Figure 3.1: Schematic of the CVD reactor for CNTs growth.

3.2.2 Acid treatment of pristine CNTs support
Synthesized CNTs were treated in nitric acid at 110 "C as follows. 5 g of the synthesized
CNTs were treated with 500 ml of 35 wt% of nitric acid and refluxed at 110 ‘C for 16 h. After

vacuum filtration and washing with distilled water, CNTs were dried at 120 ‘C over night.

3.2.3 Preparation of Fe catalyst supported on CNTs

For preparation of Fe-based catalysts for FTS, acid-treatment of as-synthesized CNTs was
conducted using nitric acid (30 wt%) at 110 °C for 16 h under reflux conditions. The nitric acid
treatment removes Fe/CaCOz catalyst particles and enhances hydrophilicity of CNTs. Fe/CNTs
catalyst was then prepared via ultrasonic-assisted wet impregnation method. To this, a desired
amount of Fe (NO3)3.9H,0 was added to deionized water and mixed with acid-treated CNTs
using ultrasonication. Subsequently, the impregnated Fe/CNTs catalyst was placed into an oven
at 120 "C followed by calcination in air at 400 'C for 4 h.
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3.2.4 Preparation of KMo-promoted Fe catalyst supported on CNTs

K and/or Mo-promoted Fe/CNTs catalysts were prepared using ultrasonic-assisted
impregnation method with aqueous solutions of iron nitrate (Fe (NOz3)3.9H.0, Fisher Scientific,
Hanover, PA), ammonium molybdate ((NHs)sM07024.4H,0, Fisher Scientific, Hanover, PA)
and potassium nitrate (KNOg, Fisher Scientific, Hanover, PA) followed by oven drying at 120
°C. Catalysts were calcined in air at 400 ‘C for 4 h, and labelled as xFeyMozK/CNT in which

X, Y, and z represent iron, molybdenum, and potassium loadings in wt.%, respectively.
3.3 Characterization techniques of support and catalysts

3.3.1 Nz-adsorption-desorption measurement

The textural properties of the CNTs support and corresponding catalysts were studied by N>
adsorption-desorption at 77 K using Micromeritics ASAP 2020 Porosity Analyzer. Prior to
vacuum degassing at 300 ‘C, the residual oil present in the samples was removed overnight at
315 °C. Then, degassing was performed at 200 ‘C under operating pressure of 500 pum Hg for
1.5h.

3.3.2 Wide-angle X-ray diffraction (XRD)

A Bruker D8 Advance Series Il X-Ray Powder Diffractometer (Bruker Corporation,
Billerica, MA, USA) was employed to record the X-ray diffractograms of the samples via Cu
K-a radiation source (A = 1.5406 A). The analyses were conducted at a voltage and current of

40 kV and 40 mA, respectively, with 2 © ranging from 5° to 80° at a scan rate of 2°/min.

3.3.3 Scanning electron microscope (SEM)

A Hitachi SU8010 field emission-scanning electron microscope (FE-SEM, Hitachi High-
Technologies Corporation, Tokyo, Japan) was employed to study the surface morphology of
CNTs support and corresponding catalysts at an accelerating voltage of 3 kV. Prior to FE-SEM
imaging, the surface of samples were sputter coated with Au film (10 nm) by the sputtering
unit (Quorum Q150T ES).

3.3.4 Transmission electron microscopy (TEM)
A transmission electron microscope (Philips CM20, 100 kV) was used to analyze the surface

morphology of CNTSs support and corresponding catalysts. For sample preparation, ultrasonic
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irradiation was applied, providing a homogeneous suspension of the sample in ethanol.

Thereafter, a droplet of the suspension onto a carbon-coated copper grid was analyzed by TEM.

3.3.5 Inductively coupled plasma optical emission spectroscopy (ICP-OES)
An inductively coupled plasma-optical emission spectrometry (ICP-OES, Varian VISTA-

MPX) was used to determine the metal loadings in catalysts.

3.3.6 X-ray photoelectron spectroscopy (XPS)

The XPS analysis was conducted using a radiation (Al K-a monochromator; 1486.6 eV, 500
mm) obtained by Kratos AXIS Supra system (Manchester, UK) at Saskatchewan Structural
Sciences Centre (SSSC), University of Saskatchewan. The operating voltage and current were
15 kV and 10 mA, respectively. Applying a pass energy of 20 eV with 0.05 eV steps, high
resolution C1s, Fe2p, Mo3d, and O1s spectra were collected from six randomly selected
positions of each sample. High resolution scans were performed using 0.05 eV steps with 20

eV pass energy and an emission current of 0.015 A.

3.3.7 Raman spectroscopy
The surface chemistry parameters of CNTs support and iron-based catalysts such as number
of surface defects were measured using a Raman microscope (Invia Reflex, Reinshaw, UK)

and a 514 nm laser.

3.3.8 Fourier transform infrared (FTIR) spectroscopy

The surface functional groups of CNTs before and after acid-treatment along with
corresponding catalysts were investigated by FTIR. The analysis was conducted via a Bruker
Vertex 70 FTIR spectrometer (Bruker Corporation, Billerica, MA, USA) equipped with an
attenuated total reflection (ATR) diamond crystal as source of infrared spectra in the range of
4500-400 cm'™,

3.3.9 Ha-temperature programmed reduction (H2-TPR)

An Autosorb 1Q (Quantachrome, USA) instrument was applied for H>-TPR study. The
desired amount of sample (10-30 mg) was loaded into a U-shaped quartz tube and located in
the instrument. The sample was then heated up to 400 °C and held at that temperature for 0.5 h

under He flow, removing moisture on the sample. Next, the sample was exposed to a H2/N2

54



(3% v/v) gas flow (30 mL/min) ramping from 25 ‘C to 650 ‘C, with heating rate being 10

‘C/min.

3.3.10 COgz-temperature programmed desorption (CO2-TPD)

The carbon dioxide TPD was carried out via an Autosorb 1Q (Quantachrome, USA)
instrument. The desired amount of the sample (10-30 mg) was loaded in the U-shaped quartz
tube, heated up to 150 ‘C under helium flow (50 mL/min) and held at that temperature for 30
min, removing the physically adsorbed CO>. After cooling down to 50 ‘C, the TPD data were
recorded by increasing the temperature in the range of 50 'C to 700 ‘C under He flow (50
mL/min), with heating rate being 10 "C/min.

3.3.11 CO-chemisorption

The Micromeritics ASAP 2020 Chemisorption system was used to determine the percentage
of metal dispersion in the synthesized catalysts. The desired amount of catalyst was loaded in
a U-shaped quartz tube and degassed at 150 ‘C for 1 h. The sample was then reduced under H;
flow at 350 “C for 2 h. After cooling down to 35 “C, the chemisorption was conducted by passing
CO pulses over the sample, measuring the total CO uptake at 35 °C. The metal dispersion was

then related to the amount of CO adsorbed.

3.3.12 Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was carried out using TGA-Q500 equipment (TA
Instruments, USA). The sample was heated from room temperature to 650 ‘C under inert
atmosphere (N2, 60 mL/min) with heating rate of 10 ‘C/min and the weight loss was recorded.

3.3.13 Synchrotron-based X-ray absorption (XAS)

The X-ray absorption spectroscopy (XAS) was performed at Canadian Light Source,
Saskatoon, Saskatchewan. The sample was dispersed on a conductive carbon tape in a glove
box under inert atmosphere and then analyzed at soft X-ray microcharacterization beamline
(SXRMB). The Fe K-edge absorption spectra were obtained in total electron yield. The XAS
data was analyzed using Athena software.

3.4 Fischer-Tropsch synthesis
FTS experiments were carried out in a fixed-bed reactor (Di = 1.54 cm, L = 50 cm). A

mixture of calcined catalyst/silicon carbide (1/7 wt./wt.) was located in the reactor. After 18 h
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of in-situ reduction under H, flow (30 mL/min) at 400 "C, the reactor was cooled down to 280
°C and the pressure increased to 3.45 MPa. Then, the synthesis gas (H2/CO = 1) at a space
velocity of 2000 cm? (STP)/(h g) was fed into the fixed-bed reactor. The composition of the
outlet gas stream was monitored by a gas chromatograph (Shimadzu GC-2014). CO conversion
and product selectivity were measured during the time on stream (TOS = 24 h with 3 h intervals)

using the following equations:

Product Selectivity = ZC:: E: x100% (3-2)
Conversion = 220 = O 109 (3-3)
CO

in
where COin and COoyt are moles of carbon monoxide at the inlet and outlet, respectively. In this

case, Cx represents the mole of carbon in product x at the outlet. The carbon balance regarding
this study obtained 100 + 2%. Iron time yields (FTY, molco /gre S) were calculated as follow:

FTY — Coin — COOUt (3'4)

Fe
where Mre is the actual iron weight of the loaded catalysts (Zhipeng Tian et al., 2019a).
Equation (3-5) determines the turnover frequency (TOF) as the surface-specific activity
(Torshizi et al., 2021):

TOF=— o (3-5)
m., xn

Fe—surf

where nco represents the number of CO molecules (mole) transformed per second, Nre-surf Stands
for the number of surface iron atoms estimated by CO-chemisorption, and mct means the
catalyst weight fed into the reactor. The metal dispersion is obtained from CO-chemisorption.
Having the value of metal dispersion, TOF can be determined which is proportional to the

number of active sites.

The experimental schematic of the FTS process is depicted in Figure 3.2. FTS experiments
were carried out in a fixed-bed reactor (Di = 1.54 cm, L = 50 cm). In each run, diluted catalyst
(1.5 g catalyst and 7.5 g silicon carbide) was loaded in the tubular reactor and was reduced

before the CO hydrogenation reaction. In-situ reduction was performed under pure hydrogen
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at a flow rate of 30 mL/min at 400 ‘C for 18 h. After reduction at atmospheric pressure, the
reactor operating parameters were shifted to the kinetic testing conditions with temperature and
pressure in the range of 270-290 "C and 0.68-4.13 MPa, while H2/CO and GHSV were
maintained at 1 and 2000 h™, respectively.
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»
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Fixed bed reactor

4
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Figure 3.2: Schematic representation of Fischer-Tropsch reaction setup.

After reaching the desired reaction conditions, the compositions of the gaseous FT products
were measured using an online gas chromatograph (Shimadzu-2014). The online GC was
equipped with two thermal conductivity detectors (TCD) and one flame ionization detector
(FID) for the analysis of CO, CO2, CHa, Hz, Oz, Ar, and hydrocarbon mixtures, respectively.
Ma et al. (Ma et al., 2007) reported the oxygenate selectivity of less than 3 wt% for a Mo-
promoted FeCuK/AC catalyst with 6 wt% Mo and 0.9 wt% K. In the Kinetic study, the optimal
formulation of the bimetallic promoted 0.5K5Mo010Fe/CNTSs catalyst with 5 wt% Mo and 0.5
wit% K is fairly close to the Mo-FeCuK/AC reported by Ma et al. (Ma et al., 2007). Therefore,
the value of oxygenate selectivity could be roughly negligible. Since the TCD-GC is not able
to analyze water precisely, an oxygen balance determined the amount of water assuming that
the contribution from oxygenates in the products was negligible (Sarkari et al., 2014; Lee et al.,
2022).
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3.5 Product sampling and composition analyses

3.5.1 Gas chromatography (GC) analysis

The gaseous products collected from FTS reactor were directly introduced into a Shimadzu
GC-2014 by a gas autosampler. The helium gas as career was kept at 200 °C and 0.02 MPa,
with flow rate of 110 mL/min and split ratio being 20.4:1. The GC was equipped with a Hayesep
Q packed column (L = 1.8 m, Do = 3.17 mm) with molecular sieve 13X (L =3.04 m, D; = 3.17
mm), and capillary column made of CP-Al>Os/KCI (L = 25 m, D; = 0.53 mm). The packed and
capillary columns were connected to a thermal conductivity detector (TCD) and flame
ionization detector (FID), respectively. In GC, the permanent gases (CO», CO, Hz, N2, O2) and
hydrocarbons (alkanes: ethane, propane, butane and alkenes: ethylene, propylene, butene, and

acetylene) were separated by packed and capillary columns, respectively.

3.5.2 Simulated distillation (Sim-Dist) analysis

The boiling point distribution of the obtained FT liquid products were estimated by
simulated distillation (Sim-Dist) technique. The FT liquid sample was dissolved in CS; and
introduced to a Varian CP-3800 GC. The analysis was conducted based on ASTM D-2887.

3.6  Kinetics studies of Fischer-Tropsch synthesis

The kinetic experiments were conducted under operating conditions with temperature and
pressure in the range of 270-290 "C and 0.68-4.13 MPa, while H2/CO and GHSV were
maintained at 1 and 2000 h'%, respectively. The plug flow pattern was considered for the gaseous
feed stream and the consumption rate of CO in the feed was calculated as follows:

X out
Wear J‘XCO‘OUI dXeo = 1 T ~ Xeoot ~ Xeoin (3:6)
0o - co — -
Foo  “Xeon —Ig (_rCO)avg Xcoin (_rCO)avg
Fcoo (Xco —Xco,i )
(_rCO)avg = \);)/Ut - (3-7)
cat
XoF2
Mo =0 (3-8)
W

Cat

where Foco is the input flow rate of CO (mol/min) and Wea is weight of the catalyst (gear). Foco
was obtained as follows:
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o v, P

Feo =VoCeo = OR.IC.O (3-9)

The mass balance for the FTS reaction products is calculated as follow:

‘mc,in - mC,out

Mass balance = 1-( )x100 (3-10)

C,in

where mc,in and mcout denote the mass of input and output carbon (g), respectively. In the
kinetics study, each experiment was performed in triplicate and the average values are reported.

To evaluate catalyst activity, catalyst deactivation during the FTS reaction was controlled and
kinetic data were reported with no deactivation.
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CHAPTER 4: Optimization of Carbon Nanotube Growth via Response

Surface Methodology for Fischer-Tropsch Synthesis over Fe/CNTs Catalyst

The content of this section has been published in Catalysis Today (Yahyazadeh et al., 2022a)
and presented at the 71st Canadian Chemical Engineering Conference, Montreal, October 24-
27, 2021.

Contribution of the PhD candidate:

Experiments were designed in consultation with Dr. Venu Babu Borugadda, (Postdoc
member of the group) under the supervision of Dr. Ajay K. Dalai and executed by Arash
Yahyazadeh. Material synthesis, catalysts characterization and data interpretation were
performed by Arash Yahyazadeh. The manuscript was drafted by Arash Yahyazadeh with
guidance, suggestions, and reviews provided by Dr. Venu Babu Borugadda and Dr. Ajay K.

Dalai.
Contribution of this chapter to overall PhD research:

The first phase of the research is investigated in this chapter: Preparation, characterization,
and optimization of carbon nanotubes using iron supported catalyst for Fischer-Tropsch

Synthesis. This chapter is the basis of the following chapters.

4.1 Abstract

Light olefins such as ethylene, propylene, and butylene are key compounds in the chemical
industry. Iron catalyst supported on carbon nanotubes (CNTS) is an appropriate candidate for
light olefins production using synthesis gas in Fischer-Tropsch synthesis (FTS). The catalytic
chemical vapor deposition (CCVD) method was applied to synthesize CNTs using Fe/CaCOs3
and acetylene as catalyst and hydrocarbon source, respectively. Applying response surface
methodology, the optimum operating conditions were determined in CVD reactor for maximal
yield and purity of CNTSs. The effects of reaction time (30-60 min), reaction temperature (700-
800 "C), and loading of the catalyst (10-30 wt% Fe) were investigated. The synthesized CNTs
was characterized by Raman spectroscopy for its graphitic structure and purity. After acid-
treatment of the synthesized CNTs, Fe/CNTs-synthesized catalyst was successfully fabricated
by ultrasonic-assisted wet impregnation method. 20Fe/CNTs-synthesized, 20Fe/CNTs-

commercial, and 20Fe/Al,O3 were analyzed in terms of physio-chemical properties and FTS
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catalytic performance. Comparison of transmission electron microscopy (TEM) and CO-
chemisorption results showed that the 20Fe/CNTs-synthesized catalyst reduces iron oxide
agglomeration resulting in metal particles well-dispersed among the studied Fe-based catalysts.
The catalytic performance of Fe-based catalysts was investigated using a fixed-bed reactor at
280 "C under 2.0 MPa. 20Fe/CNTs-synthesized exhibited a lower rate of water-gas-shift (WGS)
reaction compared with 20Fe/CNTs-commercial, with C»-Cs4 selectivity of 23.6% which is
slightly less than that of its commercial counterpart. Analysis of FTS liquid products revealed
that the 20Fe/CNTs-synthesized catalyst provides liquid hydrocarbons in the range of Cg-Cis,
while 20Fe/CNTs-commercial and 20Fe/Al2O3 obtained Co-Cs2 and Ci0-Czo, respectively.
After 120 h time on stream under steady state condition, higher activity had been maintained
by the 20Fe/CNTs-synthesized catalyst compared to the 20Fe/CNTs-Commercial and
20Fe/Al203 catalysts.

4.2 Materials and methods

4.2.1 Materials

The chemicals utilized in this study, their purity and suppliers are as follows: calcium
carbonate 100%, Fisher Chemical FLC64500, Canada; iron (I11) nitrate nonahydrate 99+%,
Thermo Fisher Scientific 202492500, Canada; aluminum oxide, Alfa Aesar AA4385530,
United States; commercial carbon nanotubes, Mknano Co. (M.K. IMPEX MWCNT-P0815,
Canada); nitrogen (Ni-T), acetylene (AC 2.6 AA-A4), hydrogen (HY 5.0 UH-T), and syngas
(COAR10H1ZC-AT) were purchased from Linde Canada Inc. Preparation of CNTs support
and corresponding Fe/CNTSs catalyst are described in detail in sections 3.2.1 to 3.2.3 of chapter
3. The complimentary analytical techniques performed to characterize the CNTs support and
calcined Fe/CNTs catalyst are provided in the previous chapter.

4.2.2 Methodology

In the case of catalyst preparation process with several variables, response surface
methodology (RSM) was used for experimental design and data analysis (Nariyan et al., 2018).
Data analysis and statistical design of the experiments were performed using Design Expert
Software Version 7.0.0 (Stat-Ease, Inc., Minneapolis, USA). Optimization of carbon nanotubes
production was aimed to achieve the optimum process conditions maximizing CNTs yield and

minimizing CNTSs Ip/lc ratio. The D band is known as the disorder band and G band reflects

61



graphite structures. The decomposition reaction temperature, reaction time, and iron loading

were considered as control factors. Table 4.1 represents the process factors and their levels.

Table 4.1: Process factors and their levels for CNTs production.

Variable Range and Level

-a -1 0 1 o
Iron loading (wt%) 3.2 10 20 30 36.8
Reaction temperature ("C) 665.9 700 750 800 834.1
Reaction time (min) 19.7 30 45 60 70.2

4.3 Results and discussion

4.3.1 CNTs production: optimization establishment and analysis
Central composite design (CCD) was employed to investigate the effects of influential
factors on the synthesized CNTSs as catalyst support (Mohammadian et al., 2018). A total of 20

runs were suggested by the software (Table 4.2).

Table 4.2: Experimental design matrix with the value of responses.

Factor 1 Factor 2 Factor 3 Response 1 Response 2
Sample :I;:emperature Time (min) Fe loading (Wwt%) CNTsyield (%) Io/lg ratio
1 -1 -1 -1 474 0.81
2 1 -1 -1 39.1 0.38
3 -1 1 -1 34.0 0.86
4 1 1 -1 23.7 0.57
5 -1 -1 1 18.0 0.65
6 1 -1 1 17.0 0.65
7 -1 1 1 9.7 0.63
8 1 1 1 6.1 1.94
9 -1.68 0 0 29.3 0.85
10 1.68 0 0 154 0.61
11 0 -1.68 0 35.0 0.82
12 0 1.68 0 14.9 0.93
13 0 0 -1.68 28.8 1.00
14 0 0 1.68 18.0 0.45
15 0 0 0 20 0.79
16 0 0 0 23.7 0.80
17 0 0 0 35.0 0.29
18 0 0 0 29.0 0.66
19 0 0 0 26.0 0.82
20 0 0 0 31.0 0.57
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Analysis of variance (ANOVA) was applied to optimize the CNTSs yield (CY) and CNTs
In/lg ratio. For CNTs yield (CY), cubic polynomial models fitted well with experimental data,

providing acceptable R?-value of 0.94 (Table 4.3).

Table 4.3: ANOVA for CNTs yield (CY) obtained by cubic polynomial model.

Source Sum of Squares DF Mean Square  F value p-value
Prob > F

Model 21.35 13 1.64 7.38 0.0110
A 1.11 1 1.11 4.98 0.067
B 2.11 1 2.11 9.50 0.021
C 0.63 1 0.63 2.84 0.143
AB 0.092 1 0.092 0.41 0.544
AC 0.086 1 0.086 0.39 0.556
BC 0.015 1 0.015 0.066 0.805
A2 0.59 1 0.59 2.65 0.154
B2 0.22 1 0.22 1.01 0.354
C? 0.34 1 0.34 1.54 0.261
ABC 4.715E-3 1 4.715E-3 0.021 0.889
A’B 5.635E-3 1 5.635E-3 0.025 0.878
A’C 2.69 1 2.69 12.11 0.013
AB? 0.072 1 0.072 0.33 0.589
Residual 1.33 6 0.22 - -

Standard deviation = 0.47; Coefficient of variation % = 9.64
Predicted residual error of sum of squares (PRESS) = 2.91
R? = 0.94; R? (Predicted) = 0.87; R? (Adjusted) = 0.81; Adequate precision = 11.1

The regression equation based on cubic polynomial model estimating CNTSs yield (CY) is

presented as follow:

Sqrt(CY) = 5.22-0.44xA-0.61xB-0.33xC-0.11xAxB+0.10xAxC-0.043xBxC-0.2xA?-0.12xB?-
0.15xC%-0.024xAxBxC-0.041xA?xB-0.9xA’xC+0.15x AxB? (4-1)

where A, B, C, and CY stand for the reaction temperature, reaction time, iron loading in the

catalyst, and carbon yield, respectively.

As it can be seen in Figure 4.1 (a,b), there is a notable increase in CNTSs yield by decreasing
reaction temperature from 800 °C to 700 ‘C which suggests catalyst deactivation and thermal
degradation of CNTSs at higher temperatures. Similarly, considering the thermogram of the as-
grown CNTs (Figure 4.11) reveals that CNTs are thermally stable up to 600-750 C
(Matandabuzo and Ajibade, 2018). It should be noted that iron loading affects CNTSs yield. In
addition, it has been reported that multi-walled carbon nanotubes (MWCNTS) of uniform

diameters are synthesized at low iron loading in catalyst synthesis (EI-Ahwany et al., 2020).
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From Figure 4.2 (a,b), catalyst with 10% iron loading exhibited the best performance for CNTs
production, which is in agreement with previous studies (Liu et al., 2013). This can be attributed
to synergistic interactions between CaCOsz and iron phases in the chemical vapor deposition
reaction. Additionally, it can be observed that maximum yield of CNTSs is achieved at minimum

reaction time of 30 min which might be related to sintering and agglomeration of catalyst active

phase by increasing reaction time from 30 min to 60 min.
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Figure 4.1: Response surface plots of CNTs yield with the combined effects of (a) Reaction
temperature and reaction time; (b) Reaction temperature and iron loading.
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Figure 4.2: Graphical prediction of optimum conditions maximizing CNTs yield.

From Table 4.4, it can be suggested that iron loading and reaction temperature are the

significant factors affecting CNTs graphitic structure (Io/lg). Considering the coefficient of
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determination (R?> = 0.90), the cubic polynomial model can successfully estimate CNTs

graphitic structure (Io/lg) as follow:

Io/lc = 0.66-0.070xA +0.032xB -0.17xC +0.18xAXB +0.25xAxXC +0.13xBxC +0.032xA?
+0.083xB? +0.030%C? +0.15XAXBXC +0.16XA2XB +0.32xA?XC +0.14xAxB?2 (4-2)

Table 4.4: ANOVA for CNTSs graphitic structure (Ip/lg) obtained by cubic polynomial

model.
Source Sum of Squares DF Mean Square F value p-value
Prob > F

Model 1.90 13 0.15 4.22 0.043
A 0.028 1 0.028 0.80 0.404
B 5.725E-3 1 5.725E-3 0.17 0.698
C 0.15 1 0.15 4.44 0.079
AB 0.27 1 0.27 7.75 0.031
AC 0.51 1 0.51 14.69 0.008
BC 0.13 1 0.13 3.83 0.098
A? 0.015 1 0.015 0.43 0.536
B2 0.099 1 0.099 2.85 0.142
C? 0.013 1 0.013 0.37 0.565
ABC 0.17 1 0.17 4.92 0.068
A’B 0.081 1 0.081 2.33 0.177
A’C 0.34 1 0.34 9.88 0.020
AB? 0.068 1 0.068 1.95 0.212
Residual 0.21 6 0.035 - -

Standard deviation = 0.19; Coefficient of variation % = 24.56

Predicted residual error of sum of squares (PRESS) = 0.81

R? = 0.90; R? (Predicted) = 0.62; R? (Adjusted) = 0.69; Adequate precision = 10.02

It has been reported that lower metal loading would enhance quality of single-walled carbon

nanotubes (SWCNTSs) with uniform diameters due to less agglomeration of the iron particles
(Liu et al., 2013). Figure 4.3 demonstrates the cubic models’ prediction of Ip/lg ratio based on
process parameters. From Figure 4.3, decreasing reaction time and iron loading to 30 min and
10 wt% produced high quality CNTs with minimum Ip/lg ratio. It is worth noting that the
hydrocarbon source (acetylene) can actively decompose at higher reaction temperatures (800
°C). Comparison of Figure 4.2 and Figure 4.4 revealed that increasing the reaction temperature
in the range of 700-800 C, the rate of CNTs production is faster than the rate of carbon atom
deposition over the iron catalyst surface, thus decreasing both Ip/lg ratio and CNTSs yield.
Figure 4.5 shows the predicted response versus actual values which confirms the acceptable

correlation between the predicted and the observed values.
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CNTs yield; (b) Ip/lg ratio.

4.3.2 Characterization of CNTs support and corresponding catalysts

X-ray diffraction (XRD) analysis

Wide-angle X-ray diffraction (XRD) technique was applied to evaluate CNTs and
corresponding catalysts in terms of different phases present and crystalline size. The XRD
pattern of the as-grown and acid-treated CNTs is presented in Figure 4.6. The peaks at 26° and
42.76° can be well assigned to graphitic carbon in MWCNTS structure (Xiong et al., 2015). In
the case of FeCaCOs, the peak at 29.4° is contributed to CaCOs indicating the incomplete
thermochemical conversion of CaCOsz to CaO and COz (Yoon et al., 2021). The diffraction
peaks that appear at 23.06°, 35.96°, 39.42°, 43.167, 47.48’, 48.5°, 57.4" and 64.62" can be indexed
to cubic CaO (JCPDS No. 47-1743) (Guo et al., 2021). Surprisingly, there is no clear peak for
iron and CaCOz in XRD pattern of as-grown CNTSs, thus suggesting nanosized and highly
dispersed iron particles over CaCOz3 that were potentially encapsulated within the wall of the
CNTs (Bankole et al., 2018). As shown in Figure 4.6 (a), acid-treatment successfully removed
FeCaCOs residues from CNTs backbone by removing peaks related to CaO in acid-treated
CNTs spectrum (Guo et al., 2021).

From Figure 4.6 (b), diffraction peaks around 30.2" and 35.7" are attributed to FesO4 and
Fe,Os3-Fes0s, respectively (Xiong et al., 2015). In addition, the peaks at 33.1°-34.1°, 41.5,
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53.97-54.6", and 62.9" are assigned to Fe;Os in the fresh catalysts (Xiong et al., 2015; Minett et
al., 2014). In the case of 20Fe/CNTs-synthesized catalyst, the peak assigned to FeO was found
at 60" (Tu et al., 2021). Moreover, the peaks at 26 of 26.1" and 43.3" match well with the
graphite layers of CNTs (Figure 4.6(b)) (Karimifard and Alavi Moghaddam, 2016).
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Figure 4.6: XRD patterns of (a) As-grown CNTs and Acid-treated CNTSs; (b) Fresh catalysts
after calcination; (c) Used FTS catalysts at 280 ‘C for 24 h; (d) N, adsorption-desorption
isotherms.

The XRD pattern of the used Fe-based FTS catalysts shows the peaks assigned to different
iron carbide structures such as FesC, and FesC in the range of 38.2°-38.5" and 54.7°-54.9’,
respectively, which can directly be connected with high catalytic activity (Minett et al., 2014;
Tu et al., 2021). From Figure 4.6 (c), it can be observed that different types of iron oxide are
present in the used catalysts with diffraction peaks around 35.7°-35.9°, 41.4°-41.6°, 47.5°, and
59.8°-60.2" indicating Fe2O3-FesOs, Fe20s, FesO4 and FeO, respectively (Minett et al., 2014;
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Tuetal., 2021). It should be noted that the peaks at 45.2" and 65.4°-65.8" are attributed to atomic
Fe in the used catalysts (Tavasoli et al., 2009). The presence of SiC residues observed at 26.4"-
26.9°,34.2°-35.1°, and 71.6-71.9" resulted in disappearing of CNTs characteristic peaks in the
used 20Fe/CNTs-synthesized and 20Fe/CNTs-commercial catalysts (Yoo et al., 2020).

Textural properties

The N2 adsorption-desorption isotherms of as-grown CNTSs, acid-treated CNTs, 20Fe/CNTs-
Syn, 20Fe/CNTs-Com, and 20Fe/Al;Os is depicted in Figure 4.6 (d). The N2 adsorption-
desorption hysteresis loop at relative pressure higher than P /P, = 0.8 shows type IV isotherm
and mesoporous structure for 20Fe/CNTs-Syn catalyst. Table 4.5 summarizes textural
properties of as-grown CNTSs, acid-treated CNTs, commercial CNTs, 20Fe/CNTs-Syn,
20Fe/CNTs-Com, and 20Fe/Alumina catalysts. Initial acid-treatment increased the surface area
of CNTs by 61%. It is related to removal of residual CaO which belongs to Fe/CaCO3 catalyst.
However, commercial CNTs exhibited a higher surface area of 450 m?/g compared with acid-
treated synthesized CNTs (surface area: 309 m?/g). As shown in Table 4.5, nitric acid (30 wt%)
increased pore volume and pore diameter in acid-treated synthesized CNTs by 65% and 10%,
respectively, compared to as-grown CNTSs. It can be related to acid-treatment resulting in tube
disintegration, defect sites, and opening of tube tips. In the case of 20Fe/CNTs-Syn catalyst,
iron loading onto acid-treated CNTs brings about iron accumulation in narrow capillaries,
decreasing the surface area to 267 m?/g. After 20 wt% iron loading on the alumina and
commercial CNTs the surface area dropped to 222 m?/g and 380 m?/g, respectively.
Considering pore size of CNTs and corresponding catalysts, it can be concluded that these Fe-

based catalysts are mesoporous (Wei et al., 2020).

Table 4.5: Textural properties of as-grown CNTs and corresponding catalysts.

Catalyst/support BET surface area Pore volume Pore diameter Metal dispersion
(m?g) (cm®/g) (nm) (%)°

As-grown CNTSs 118 0.58 17.3 -

Acid-treated CNTs 309 1.67 19.4 -

Commercial CNTs 450 0.87 6.6 -
20Fe/CNTs-Syn 267 1.29 17.4 4.8
20Fe/CNTs-Com 380 0.58 5.6 2.6

20Fe/Al,03 222 0.60 7.4 2.4

@ Obtained by CO-chemisorption method
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CO-chemisorption

Metal dispersion in the Fe-based catalysts were measured using CO-chemisorption. The
metal dispersion on 20Fe/CNTs-Syn, 20Fe/CNTs-Com, and 20Fe/Al>O3 catalysts are shown in
Table 4.5. As it can be observed in Table 4.5, 20Fe/CNTs-Syn exhibited the highest metal
dispersion compared with other catalysts, with Fe dispersion being 4.8%. This can be attributed
to the enhanced support-metal interaction due to acid-treatment and ultrasonic treatment during
catalyst preparation (Luo et al., 2020). Acid-treatment causes defect sites and functional groups
on CNTs structure, leading to charge donation from carbon sites during Fe impregnation (Zhu
et al., 2013). The defects left by acid-treatment on CNTSs structure were confirmed by Raman
spectroscopy. The higher dispersion of active metal would lead to increase in catalyst

productivity due to less agglomeration or sintering in the FTS process (Lee et al., 2019).

Electron microscopy analyses of CNTs and calcined catalysts

Figure 4.7 shows scanning electron microscope (SEM) images of the acid-treated CNTSs,
which confirmed that acid-treatment successfully removed carbonaceous impurities from
CNTs backbone. Acid-treatment is supposed to leave some defects onto CNTs wall, thus
increasing the hydrophilicity of CNTs and metal loading via anchoring sites (De Menezes et
al., 2018).

Figure 4.7: SEM microphotographs of acid-treated CNTSs.
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Moreover, transmission electron microscopy (TEM) was applied to study the Fe-based
catalysts in terms of morphology and particle size distribution. TEM microphotographs of the
calcined 20Fe/CNTs-Syn catalyst revealed that the ultrasonic-assisted wet impregnation
method successfully provides iron loading on both internal and external wall of acid-treated
CNTs. As it can be seen in Figure 4.8, there is low aggregation of iron on the external surface
of the acid-treated CNTs, and iron particles penetrated inside the pores of CNTs. Moreover, the
crystalline size of iron oxide in TEM images was measured using Gaussian analysis. From
histograms of particle size distributions (PSDs), the average particle size of iron oxide for
20Fe/CNTs-Syn, 20Fe/CNTs-Com, and 20Fe/Al>Os was 25, 13, and 40 nm, respectively.

The TEM images of 20Fe/Al,O3 and 20Fe/CNTs-Com illustrate that iron particles on
alumina support tend to aggregate, while Fe particles become smaller (9-21 nm) with the
introduction of commercial CNTs (Wu et al., 2019). 20Fe/CNTs-Syn resulted in a smaller Fe
particles compared with 20Fe/Al.Oz which would lead to a higher catalyst activity and lower
long chain alkanes (Cs+) (Zhang et al., 2019). 20Fe/CNTs-Syn also possesses less Fe aggregates
in comparison with 20Fe/CNTs-Com. It can be related to acid-treatment of the synthesized
CNTs prior catalyst preparation resulting in penetration of iron nanoparticles inside of the acid-
treated CNTSs that is mainly because of pore opening and increasing hydrophilicity (Kazakova
etal., 2018).

It should be noted that pore volume and pore diameter of 20Fe/CNTs-Syn are higher than
those of 20Fe/CNTs-Com, which is expected to facilitate metal dispersion and mass transfer
(Xie et al., 2017; Hwang et al., 2020). Based on TEM images, the aspect ratio of CNTs-Syn
and CNTs-Com were determined 20 and 318, respectively. It has been reported that aspect ratio
of CNTs is significantly affected by reaction temperature during CVD operation (Aliyu et al.,
2017).
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Figure 4.8: TEM micrographs and corresponding histograms of particle size distribution for
catalysts.

Raman spectroscopy

Raman spectroscopy was used to study the synthesized CNTs before and after acid-treatment
in terms of carbonaceous structure and quality. Moreover, Raman spectroscopy is a powerful
method for providing information about metal impurities and amorphous carbon contents
(Chernyak et al., 2017). From Figure 4.9, two characteristic peaks at 1350 cm™ and 1590 cm™*
are attributed to D band and G band, respectively. The D mode shows the disorder
characteristics of the synthesized CNTs and G band indicates the ordered graphite in CNTs
structure (Fleming et al., 2019). The ratio of the D band to the G band (Ipo/lg) was selected as
the optimization response to show the CNTs quality in terms of disorder or defects. Figure 4.9
demonstrates that acid-treatment decreases the Ip/lc from 0.81 to 0.70 due to removal of

amorphous carbon structure.
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Figure 4.9: Raman spectra of the synthesized CNTs before and after acid-treatment.

Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy was employed to study the surface functional groups of the synthesized
CNTs before and after acid-treatment. From Figure 4.10, the peaks in the range of 3743-3745
and 1236-1257 cm are attributed to O-H and C-O-C stretching vibrations (T. Zhang et al.,
2018; Peng et al., 2018). The peak appeared at 1533-1540 cm™ can be related to C=C group,

while the stretching vibration of carboxyl or carbonyl groups was observed at 1743-1749 cm™
(Peng et al., 2018; Aziz et al., 2019). The peak at 1386 cm™ assigned to H-C=0 bond in acid-
treated CNTs illustrates the effect of acid-treatment on multi-walled carbon nanotubes (Li et
al., 2020). The peaks around 1452-1456 and 1647-1650 cm™ are corresponded to methoxy (O-

CHa) group bending vibration and C=0 group stretching vibration, respectively (Peng et al.,

2018; Amiri et al., 2015). Comparison of FTIR spectra of as-grown CNTs and acid-treated

CNTs confirmed the corresponding Ip/lc ratio obtained by Raman spectroscopy indicating the

defects and anchoring sites left on the CNTs wall after acid-treatment.
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Figure 4.10: FTIR spectra of commercial CNTSs, as-grown CNTSs, and acid-treated CNTSs.

Thermogravimetric analysis (TGA)

The thermal stability and purity of as-grown CNTs and acid-treated CNTs can be determined
using thermogravimetric analysis (TGA). TGA profile (Figure 4.11) of the as-grown CNTs and
acid-treated CNTSs suggests thermal stability of MWCNTS up to 600 ‘C, with total weight loss
being 0.8% and 2.1%, respectively (Behnam et al., 2019). It should be mentioned that acid-
treatment resulted in the formation of defects and carboxyl functional groups at the surface of
CNTs, thus reducing the solid residue from 99.2% to 97.9% in acid-treated CNTs (Behnam et
al., 2019). The weight loss below 100 ‘C is assigned to water molecules physically adsorbed,
while weight loss between 150 °C and 400 “C can be related to evolution of gaseous CO;
(Atchudan et al., 2019). Additionally, the thermal decomposition of the calcined 20Fe/CNTs-
Syn catalyst was investigated under nitrogen atmosphere. The thermogram of the calcined
catalyst illustrated two weight loss regimes between 50 °C and 450 °C which confirmed the
high thermal stability of the catalyst. The first weight loss below 100 °C is attributed to loss of
unbound water and functional groups left on the surface of CNTs during acid-treatment
(Farghali et al., 2017). The calcined 20Fe/CNTs-Syn catalyst showed a total weight loss of
approximately 5% up to 600 ‘C.
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Figure 4.11: TGA profile of as-grown CNTSs, acid-treated CNTSs, and 20Fe/CNTs-Syn under
nitrogen atmosphere.

Ha temperature programmed reduction (H2-TPR)

H>-TPR analysis was applied to evaluate iron oxide reduction behavior in different Fe-based
catalysts. From Figure 4.12 for the calcined FeCaCOs catalyst, the iron oxide reduction occurs
below 700 ‘C, providing appropriate Fe catalyst for CNTs growth in CVD reactor. Figure 4.12
also shows the H>-TPR profile for 20Fe/CNTs-Syn catalyst in which the first peak appears at
nearly 396 “C representing the reduction of Fe,Os to FesO4, and the second peak in the range
of 500-550 "C attributed to the reduction of FesO4 to FeO followed by reduction of FeO to Fe
(Badoga et al., 2020). 20Fe/CNTs-Com catalyst exhibits two distinct peaks at approximately
338 "C and 459 "C due to the reduction of Fe,O3 to metallic Fe in two steps. The reduction
peaks for 20Fe/Al,O3 are observed at higher temperatures (nearly 375 °C and 545 "C) compared
with 20Fe/CNTs-Com. It can be observed that the reducibility of 20Fe/CNTs-Syn is less than
that of 20Fe/CNTs-Com which can be attributed to iron oxide particles incorporated inside the
acid-treated CNTs on the one hand and larger iron oxide particle size (25 nm vs. 13 nm) on the
other hand, resulting in iron oxide reduction at higher temperature. The reducibility of the Fe-
based FTS catalysts is in the order of 20Fe/CNTs-Com > 20Fe/Al;O3 > 20Fe/CNTs-Syn. The

amount of H> consumed during different reduction stages is summarized in Table 4.6.
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Figure 4.12: H» temperature programed reduction profile for fresh catalysts.

Table 4.6: Quantitative results of H> consumption for calcined catalysts obtained by H>-TPR.

Catalyst Reaction temperature ("C) H, uptake
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 (mmol/g)
FeCaCOs 410 632 - - 24.6 91.3
20Fe/Al;,03 373 438 444 546 649 2.6 3.3
20Fe/CNTs-Syn 393 516 517 520 561 3.5 2.9
20Fe/CNTs-Com 815 632 - - - 0.8 2.9

X-ray photoelectron spectroscopy (XPS)

The surface composition and oxidation states of the fresh 20Fe/CNTs-Syn, 20Fe/CNTs-
Com, and 20Fe/Al>O3 catalysts were studied by XPS analysis. Moreover, XPS can be used for
determination of functional groups and structural defects on the surface of carbon nanotubes
(Shen et al., 2018). The XPS survey was used to detect peaks related to carbon and oxygen over
the binding energy ranges of 280-295 eV and 525-545 eV, respectively (Sezer and Kog, 2019).
From Figure 4.13 (a), the peak at 284.4 eV is related to the graphitic network based on the
deconvolution of the C1s photoemission (Sezer and Kog, 2019). Considering Fe2p XPS spectra
in Figure 4.13 (b), the peaks in the range of 709.3-711.3 eV and 723-724.4 eV are assigned to
Fe2pz, and Fe2py» for FesO4 formation, respectively (Z. Zhang et al., 2018a). Additionally,
Fe3* satellite peak appeared at 718 eV (Zhou et al., 2017). XPS peaks observed at approximately
530 eV represent lattice O in metal oxides (Zhou et al., 2017; Venugopalan et al., 2021).
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Figure 4.13: XPS spectra (a) C1s; (b) Fe2p; (c) O1s of the fresh calcined catalysts.

4.3.3 Catalytic performance of Fe-based catalysts in FTS

FTS reaction was conducted at 280 ‘C, 2 MPa, H,/CO = 1, and GHSV = 2000 h! for 24 h.
The details of the FTS experiment as well as product sampling and composition analyses are
described in sections 3.4 and 3.5, respectively. Figure 4.14 depicts the catalytic activity of the
Fe-based catalysts in terms of CO conversion as a function of time on stream. It is generally
believed that the catalytic activity of iron carbide as active phase of Fe-based catalysts
originated from dissociative adsorption of CO molecules. CNT-based supports are supposed to
enhance CO adsorption due to the large surface area and defects on the CNTs wall (Tian et al.,
2019a). As can be seen from Figure 4.14, CO conversion for all Fe-based catalysts increased
significantly within 8 h on stream. Afterward the catalysts conversion went up steadily until 24
h. CO conversion of 20Fe/CNTs-Com and 20Fe/CNTs-Syn catalyst is much more than that of
20Fe/Al,O3 catalyst which is likely due to larger surface area of 20Fe/CNTs-Com (380 m?/g)
and 20Fe/CNTs-Syn (267 m?/g) compared with 20Fe/Al,O3 (221 m?/g), thus providing

appropriate adsorption sites for CO molecules (Tian et al., 2019a).
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Figure 4.14: CO conversion for FTS catalysts (process conditions: T =280 'C, P = 2 MPa,
H2/CO =1, TOS = 24 h, GHSV = 2000 h?).

Table 4.7 displays the catalytic activity and product selectivity for 20Fe/CNTs-Syn,
20Fe/CNTs-Com, and 20Fe/Al;O3 catalysts. Methane, light olefins (C2-Ca), carbon dioxide,
Cs+ hydrocarbons, and water were produced from syngas via FTS reaction over Fe-based
catalysts. Considering the product selectivity for Fe-based catalysts, the selectivity to CHa,
CO2, and C,-C4 for 20Fe/CNTs-Com (68.1%, 60.6%, and 26.1%) are more than the
corresponding values for 20Fe/Al>,O3 (17.3%, 28.8%, and 18.0%). The iron particle size has
significant effects on light olefin selectivity. Decreasing the iron particle size would facilitate
production of light hydrocarbons including methane. Furthermore, production of light olefins
benefits from smaller iron particles (Liu et al., 2015b).

However, the trend for turn over frequency (TOF) is opposite, with 2.66x10 s for
20Fe/Al,03 and 0.67x1073 2 for 20Fe/CNTs-Com. It is confirmed that lower TOF and higher
methane selectivity for commercial CNTs support can be related to smaller iron oxide crystal
size (Figure 4.8, iron oxide particle size: 13 nm) (Park et al., 2010). Based upon iron particle
sizes in Figure 4.8, the TOF and Cs- selectivity rises when the iron particle size increases from
13 nm for 20Fe/CNTs-Com to 40 nm for 20Fe/Al>Oz (Liu et al., 2017; Gu et al., 2020b). In the
case of 20Fe/CNTs-Syn, CO conversion and light olefin selectivity are slightly less than those
of commercial CNT-supported Fe catalyst. This is mainly due to larger pore diameter in

synthesized CNTs support (Table 4.5, pore diameter: 17.4 nm) compared to commercial
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counterpart (pore diameter: 5.6 nm) which causes larger iron oxide particles in 20Fe/CNTs-
Syn (Figure 4.8, iron oxide particle size: 25 nm), thus reducing the contact area between iron

carbide active sites and syngas during FTS reaction (Tian et al., 2019a).

FTY rate is defined as CO converted per total gram of iron per second, indicating the
catalytic activity per gram of Fe which confirms the results of CO conversion for the studied
catalysts (Tian et al., 2019a). The chain-growth probability (o) was measured based on
Anderson-Schulz-Flory (ASF) (lablokov and Kruse, 2019). From Table 4.7, as the value of a
increased from 0.8 to 0.83, the production of Cs- rose and methane selectivity dropped (Zhang
et al., 2010a). Table 4.7 also reveals that WGS reaction rate increases in the presence of CNTs
as iron catalyst support. It has been suggested that high CO; selectivity is likely related to the
increased water partial pressure at higher conversions which is confirmed in CNTs supports
(Gavrilovi¢ et al., 2021).

Table 4.7: Selectivity and activity of Fe-based catalysts in Fischer-Tropsch synthesis.

Parameter 20Fe/CNTs-Syn 20Fe/CNTs-Com 20Fe/Al,0s
CHy selectivity (%) 54.8+0.2 68.1+0.2 17.3+0.3
Co-Cyselectivity (%) 23.6+0.1 26.1+0.2 18.0+0.1
Cs: selectivity (%) 21.6+0.3 5.8+0.5 64.6+0.2
COg selectivity (%) 57.4+0.2 60.6+0.3 28.8+0.2
CO conversion (%) 90.4+0.4 94.2+0.3 30.8+0.4
z::—‘: ratio 0.20+0.01 0.20£0.01 0.32+0.02
Chain growth probability, o 0.83 0.80 0.83

-4¢ Mol €O
FTY 109 roe) 3.13 3.05 1.07

g €03
Rwas ( @ cat) (h)) 46.60 67.80 26.20
Apparent TOFx103(s?) 1.30 0.67 2.66

Operating conditions: T =280 °C, P = 2 MPa, Ho/CO =1, TOS = 24 h and GHSV = 2000 h%,

After collection of liquid products from hot and cold traps, the carbon number distribution
of the products was identified by simulated distillation (SimDis). From Figure 4.15,
20Fe/CNTs-Syn obtained the lightest liquid product among the selected catalysts, with carbon
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number between Cg and Cis. However, liquid hydrocarbons of 20Fe/CNTs-Com and
20Fe/Alz03 include Co-Cs, and Cio-Coo, respectively.
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Figure 4.15: Hydrocarbons produced by FTS catalysts (process conditions: T =280 'C, P = 2
MPa, Ho/CO =1, TOS = 24 h, GHSV = 2000 h'%).

Another outcome from the ASTM D6352 SimDis analysis is the boiling point distribution
of liquid products for the selected catalysts during 24 h time-on-stream (Ra et al., 2021). As
shown in Figure 4.16 (b), 92% and 78% of hydrocarbon fractions fall within the heavier
products boiling point range (>300 ‘C) for 20Fe/CNTs-Com and 20Fe/Al,Os catalysts,
respectively. The result of liquid product boiling point confirmed carbon number distribution
for the studied catalysts. In the case of liquid products, it might be suggested that synthesized
CNTs having larger pore volume and pore size causes a faster ejection of liquid products which
not only provides more available active sites for reaction but produces lighter liquid
hydrocarbon compared with commercial CNTs (Figure 4.15 and Figure 4.16 (b)).

In addition, a larger pore volume of CNTs support improves dispersion of active iron (Zhang
et al., 2010b). From Table 4.5, Fe dispersion of commercial CNTs support (2.6%) is less than
that of synthesized CNTSs (4.8%), indicating the effect of pore volume and pore diameter on Fe
dispersion. In another perspective, the catalytic performance principally depends on iron phase
composition rather than iron dispersion. From Figure 4.6 (c), the spent 20Fe/CNTs-Syn and
20Fe/CNTs-Com demonstrates higher proportion of FesC, and FesC, respectively. It was
reported that the presence of iron carbide phase rich in carbon favored the production of long
chain hydrocarbons (Saheli et al., 2021). In our study, Fe catalyst supported on synthesized

CNTs has higher Cs. selectivity (21.6%) compared with its commercial counterpart (5.8%).
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Additionally, composition of iron carbide and oxygen containing groups in CNTs affects
interaction between the support and Fe species and thus, olefin selectivity in FTS (Zhang et al.,
2010b). In Figure 4.6 (b,c), Fe catalyst supported on commercial CNTs exhibited higher
contribution of FesO4 along with FesC compared with synthesized CNTs possessing Fe>Oz-
FesC2, which was observed to improve C,-C4 and Cs.: selectivity in 20Fe/CNTs-Com and
20Fe/CNTs-Syn, respectively (Hwang et al., 2020).
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Figure 4.16: (a) FTS liquid products; (b) Boiling point distribution for liquid products
obtained by FTS catalysts.

The time required to reach maximum CO conversion and steady state conditions for all
studied catalysts can be observed in Figure 4.17. The difference in catalytic performance can
be explained by the difference in distribution of iron phases formed during hydrogen
pretreatment, which can cause mass transfer limitations (X. Zhao et al., 2018). The pore volume
and pore diameter of supports also influence mass transport rate and catalyst activity. From
Table 4.5, synthesized CNTSs support exhibits larger pore volume and pore diameter (Vp = 1.29
cm®/g, Dp = 17.4 nm) compared to those of commercial CNTs (V, = 0.58 cm®/g, Dy = 5.6 nm).
As it was reported in previous researches, the higher the contribution of mesoporous volume,
the lower the mass transport limitation (Hwang et al., 2020). From Table 4.7, CO conversion
of 20Fe/CNTs-Syn reached its maximum (90.4%) after 24 h. Then the catalyst experienced
deactivation and the activity decreased to as low as 81.7% after 120 h on stream. 20Fe/CNTs-
Com and 20Fe/Al>O3 catalysts reached their highest activity after 24 h and 29 h with 94.2%
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and 30.9% of CO conversion, respectively. Thereafter, catalytic activity of 20Fe/Al>Os

remained constant during the next 90 h.

As can be seen in Figure 4.17, there was a decrease in activity of 20Fe/CNTs-Com from
94.2% to 75.5% during the reaction period of 120 h. The higher stability of the 20Fe/CNTs-
Syn compared to 20Fe/CNTs-Com may be attributed to the extent of mesopores and defects
and/or the higher pore volume of the synthesized CNTs support compared with commercial
one facilitating mass transfer. As discussed earlier, Raman spectroscopy (Figure 4.9) revealed
that acid treatment at 110 "C could produce defects on the synthesized CNTs surface by
removing Fe/CaCOs residue. The defects on the surface work as anchoring sites for stable iron
particles on the supports surface (Malek Abbaslou et al., 2009; Cheng et al., 2014). The activity
loss for iron nanoparticles supported on commercial CNTs was found to originate from severe
sintering and carbon encapsulation of the iron carbide nanoparticles under reaction conditions
(Chew et al., 2016; Ghofran Pakdel et al., 2019). While confinement of iron particles within
the synthesized CNTs support modified the redox properties of encapsulated Fe oxides, and it

led to a significant increase in Fe catalysts stability in FTS (Gu et al., 2018b).
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Figure 4.17: CO conversion of 20Fe/CNTs-Syn, 20Fe/CNTs-Com, and 20Fe/Al>O3 as a
function of time-on-stream.
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4.4 Conclusions

The approach of RSM was used to optimize the yield and quality of CNTs through CCVD
process parameters. It was found that reaction temperature and reaction time have the most
significant effects on CNTs growth. Applying 10Fe/CaCOgz at minimum reaction temperature
(700 "C) and minimum reaction time (30 min), maximum CNTSs yield is achieved. However,
based upon Raman spectroscopy results, the CNTs quality is not optimum at this condition
(Io/lc= 0.816). The reaction temperature of 800 "C is suggested to obtain high quality CNTs
with minimum Ip/lg ratio, which is related to formation of graphitic carbon structure rather than
amorphous carbon at elevated temperature. 20Fe/CNT-Syn, 20Fe/CNT-Com, and 20Fe/Al;03
were assessed for FTS using syngas. The light olefin selectivity and CO conversion over
20Fe/CNTs-Syn were 23.6% and 90.4%, respectively, which is slightly less than that of
20Fe/CNT-Com. FTS liquid products of the studied Fe-based catalysts were analyzed via
simulated distillation (ASTM D6352 SimDis) in terms of carbon number and boiling
temperature. SimDis analysis evidenced that among the studied Fe-based catalysts,
20Fe/CNTs-Syn provides the highest amount of lighter hydrocarbons (Cg-C1s). Comparison of
TEM and CO-chemisorption results revealed that the synthesized CNTs can alleviate the
agglomeration of iron oxide particles and improve the dispersion of the iron oxide on the
surface of catalyst. This might be related to acid-treatment of CNTSs prior catalyst preparation
resulting in some defects and anchoring sites on CNTs backbone. The oxygen-containing
functional groups resulted in a higher intrinsic activity of 20Fe/CNT-Syn. It also shows a high
and constant degree of CO conversion for a period of 120 h time on stream under industrially

relevant conditions.

After finding the optimum conditions for CNTs production by CCVD method, it is utilized
as support to obtain K and/or Mo-promoted Fe/CNTs catalysts for maximum light olefins’
production in FTS. In the next phase, a fixed-bed reactor was employed to evaluate the activity,
stability, and olefins’ selectivity of the un-promoted and promoted iron catalysts supported on
the synthesized CNTs.
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CHAPTER 5: Optimization of Light Olefins' Yield in Fischer-Tropsch
Synthesis using Carbon Nanotubes Supported Iron Catalyst with Potassium

and Molybdenum Promoters

The content of this section has been published in Applied Catalysis A: General (Yahyazadeh
et al.,, 2022b) and presented at the 26th Canadian Symposium on Catalysis Conference,
Vancouver, May 15-18, 2022.

Contribution of the PhD candidate:

Experiments were designed in consultation with Dr. Venu Babu Borugadda, (Postdoc
member of the group) under the supervision of Dr. Ajay K. Dalai and executed by Arash
Yahyazadeh. Material synthesis, catalysts characterization and data interpretation were
performed by Arash Yahyazadeh. The manuscript was drafted by Arash Yahyazadeh with
guidance, suggestions, and reviews provided by Dr. Venu Babu Borugadda and Dr. Ajay K.

Dalai.
Contribution of this chapter to overall PhD research:

The second phase of the research is investigated in this chapter: Addition of molybdenum
and potassium as promoters to iron catalyst supported on CNTSs for Fischer-Tropsch to light

olefins. This chapter is the basis of the following chapters.

5.1 Abstract

Light olefins' (C2-C4) production from syngas (H2+CO) through Fischer-Tropsch synthesis
(FTS) benefits from Fe-based catalysts supported on carbon nanotubes (CNTSs). A two-level
full factorial design was applied for K and/or Mo-promoted Fe/CNTSs catalyst to investigate the
effects of synthesis conditions including Mo/K mass ratio, ultrasonic time, and iron loading on
light olefins’ yield. These catalysts were characterized to perform an in-depth study of Mo/K
binary promoter effects on Fe/CNTs catalyst in Fischer-Tropsch to light olefins. CO
chemisorption and TEM revealed that molybdenum plays a significant role in metal dispersion,
leaving structural defects on CNTs support. Additionally, H>-TPR confirmed that K as
promoter facilitates reducibility of Fe/CNTs catalysts, which promoted CO conversion in FTS.
Compared with the un-promoted Fe/CNTs catalysts, addition of molybdenum as a promoter
increased light olefins' selectivity by 33.4%, while potassium led to an increase in CO
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conversion by 96.3%. The optimum formulation (0.5K5Mo010Fe/CNTSs) obtained the olefins’
yield of 35.5%.

5.2 Materials and methods

5.2.1 Materials

Preparation of CNTs support as well as corresponding unpromoted and promoted Fe/CNTs
catalysts are described in sections 3.2.1 to 3.2.4 of Chapter 3. The complementary analytical
techniques performed to characterize un-promoted and promoted Fe/CNTs catalysts are

provided in Chapter 3.

5.2.2 Methodology

A two-level full factorial design was applied, and optimum catalyst synthesis conditions
were obtained in terms of CO conversion and olefins’ selectivity. Optimization was
systematically carried out by varying the independent factors including promoters mass ratio
(Mo/K; wt%/wt%), iron loading (Fe; wt%), and ultrasonic time (t; min). It is worth noting that
ultrasonic time during wet impregnation was considered as a factor to investigate the effect of
metal dispersion on catalyst performance. Table 5.1 represents the independent factors and their
levels. Considering 3 center point replicates, a total of 11 experiments were proposed by 2-
level full factorial design. All eleven catalysts were calcined at 400 °C for 4 h and used in FTS
reactor at the same operating condition (T = 280 °C, P = 3.45 MPa, GHSV = 2000 h', H,/CO
=1, and TOS = 24 h). The details of FTS experiments as well as product sampling and
composition analyses are described in sections 3.4 and 3.5, respectively.

The coefficient of determination (R2) and R%.qj were calculated as follows (Qin et al., 2011):

R2 —-1— SSErrv;;r (5_1)
SSTotal
2
Rz, =1 & — 'i rl(i T D (5-2)

where SSerror and SSrotal refer to the sum of the squares of the residuals and the total sum of
squares, respectively. In Eq. (5-2), n and m are numbers of independent variables and the total
number of variables, respectively. The value of R? and R?g; should be close to one. P-value
lower than 0.05 was considered for 95% of a confidence interval (Torang et al., 2021).
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Table 5.1: Factors and their levels considered in 22 full factorial design.

A: Promoters’ mass ratio B: Iron loading C: Ultrasonic time
(Mo/K; wt%/ wt%)? (Fe; wt%) (t; min)

Upper (+) level 10 30 18

Lower (-) level 0.25 10 6

aMo/K = 10; Mo =5 wt% and K = 0.5 wt%, Mo/K = 0.25; Mo = 0.5 wt% and K = 2 wt%, Mo/K =5.13; Mo =
3.8 wt% and K = 0.75 wt%

5.3 Results and discussion

5.3.1 Optimization of catalyst synthesis conditions in FTS
This optimization aims to investigate the effects of promoter's mass ratio, iron loading, and
ultrasonic time on olefins’ yield via full factorial design (Table 5.2). The analysis of variance

(ANOVA) was applied to study the significance of the catalyst synthesis conditions (Table 5.3).

Table 5.2: 2-level full factorial design matrix with experimental response.

A: B: C: Co C-C4 CO; g?zﬁ?]z’si:(iem:

Run Mo/K mass ratio Fe loading  Ultrasonic conversion  selectivity  selectivity selectivity x
(Wt%/Wt%) (Wt%) time (min) (%) (%) (%) conversion (%)

1 0.25 10 6 47.4 3.7 52.0 18

2 10 10 18 715 49.6 75.2 35.5

3 10 30 18 36.7 3.0 32.5 11

4 5.13 20 12 61.5 18.9 83.9 116

5 0.25 30 18 37.8 2.7 38.2 10

6 10 30 6 71.4 36.9 73.3 26.3

7 0.25 30 6 46.0 3.0 49.3 14

8 5.13 20 12 61.3 19.0 84.1 116

9 10 10 6 52.7 24.7 92.8 13.0

10 0.25 10 18 40.5 2.7 41.9 11

11 5.13 20 12 61.7 18.8 82.7 116

From Table 5.3, the promoter mass ratio (A) and iron loading (B) are the influential factors

with p-value < 0.05. Additionally, the interaction between iron loading and ultrasonic time
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(BC) was considered as a significant interaction. Considering olefins’ yield as response, R? of
1-factor and 2-factor models were 0.522 and 0.777 respectively. For the one- and two-factor
model, the model F-values are calculated to be 2.55 and 2.32, respectively, which implies that
these models are insignificant relative to the noise. However, the 3-factor interaction (3FI)
model fitted well with experimental data, providing acceptable R? of 0.996 (Table 5.3).

Table 5.3: Analysis of variance for olefins’ yield obtained by 2-level full factorial model.

Source Sum of Squares DF Mean Square F Value p-value
Model 1305.7 7 186.5 118.2 0.0012
A 624.3 1 624.3 395.6 0.0003
B 57.6 1 57.6 36.5 0.0091
Cc 1.8 1 1.8 11 0.3622
AB 53.0 1 53.0 33.6 0.0102
AC 04 1 0.4 0.2 0.6526
BC 280.7 1 280.7 177.9 0.0009
ABC 287.9 1 287.9 182.4 0.009
Residual 4.7 3 4.7
Pure Error 1.3E-3 2 6.3E-4
Cor Total 1310.4 10
R:232: 0.2964, Standard deviation = 1.26, Coefficient of variation % = 11.91, Adequate precision
=32.14

The regression equation estimating olefins’ yield in terms of coded factors is shown as

follow:

Olefins yield (wt.%) = 10.55+8.83x A~ 2.68x B -0.48xC - 2.57x AxB-0.22x AxC-5.92xBxC -6.00x AxBxC
(5-3)

where A, B, and C stand for Mo/K mass ratio, iron loading (wt%), and ultrasonic time (min),
respectively.

Figure 5.1 depicts the 2D-contour and 3D-surface plots of olefins’ yield based on the binary
interactions of AB and AC. In the case of carbon material supports, higher iron contents lead
to larger crystallites of iron oxide. Increasing iron loading results in larger extent of aggregation
of Fe nanoparticles in unpromoted iron catalyst. However, lowering iron loading results in

smaller Fe nanoparticles in which carbon deposition was reported as the main reason for
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deactivation over time for the unpromoted iron catalysts (Xie et al., 2016a). Based on the
literature, the activation energy of CO conversion and intrinsic CO conversion activity drops
with decreasing iron particle size. In case of iron particle size larger than 10 nm, the electronic
effect including electron donation to iron is dominant, and the dispersion effect can be ignored.
However, for iron particle size smaller than 10 nm, the electronic effect is not significant
compared with the dispersion effects (Qin et al., 2011). Pour et al. studied stability of nano-
structured Fe catalyst in FTS. They concluded that by reducing iron oxide particle size
formation of inactive carbide phases and surface carbonaceous species like graphite are
enhanced which leads to catalyst deactivation (Pour et al., 2010).

Ultrasonic time enhances iron dispersion and prevents formation of large inactive Fe
aggregates by sintering. From Table 6, it is observed that 5SM010Fe/CNTs shows the maximum
iron dispersion (8.8%), while iron time yield (FTY) reached to a minimum of 0.0058 molco
gre s in 24 h. Increasing ultrasonic time above 18 min would lead to a decrease in FTY or
CO converted in 1 s per gram Fe, thus lowering CO conversion. It can be suggested that the
higher the ultrasonic time is, the lower the CO conversion will be. This is mainly related to
supressing iron oxide reduction and carburization (Qin et al., 2011). At the constant ultrasonic
time (C = 18 min), maximum olefins' yield is achieved using 10 wt% iron loading and
promoter's mass ratio of Mo/K = 10 (Figure 5.1 (a,b)). In addition, at constant iron loading (10
wt%), upper limits of ultrasonic time and Mo/K ratio resulted in the maximum olefins' yield
(Figure 5.1 (c,d)). To maximize olefins' yield, the optimum synthesis conditions obtained at
Mo/K mass ratio, Fe loading, and ultrasonic time of 10 wt%/wt%, 10 wt%, and 18 min,

respectively corresponded to Run 2.
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Figure 5.1: 2D contour and 3D surface plots of olefins’ yield with simultaneous effects of
(a,b) Mo/K mass ratio and iron loading; (c, d) Mo/K mass ratio and ultrasonic time.

The predicted results obtained by 3-FI model were plotted against both actual responses and
residuals. Figure 5.2 confirmed that 3-FI model prediction of olefins’ yield is in good agreement

with experimental data.
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Figure 5.2: Diagnostic plots (a) Predicted versus actual; (b) Residual versus predicted for
olefins’ yield as response.
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Based on the optimum synthesis conditions (Run 2) obtained by 2-level factorial design, the
effects of molybdenum and potassium on Fe/CNTSs catalyst were individually evaluated in FTS.
To this purpose, a series of monometallic promoted and un-promoted Fe/CNTSs catalysts were
synthesized, and all catalysts were evaluated in terms of activity and product selectivity. Table
5.4 clearly indicates that molybdenum enhanced the olefins’ selectivity, while potassium
improved catalyst performance in terms of CO conversion. The un-promoted Fe/CNTSs catalyst
revealed a higher olefins’ yield compared to K-promoted catalyst. However, in the case of Mo-
promoted catalysts, olefins’ selectivity was higher than that of un-promoted counterpart.
Therefore, it was confirmed that the bimetallic promoted Fe/CNTSs catalysts benefited from Mo

and K simultaneously resulting in the maximum level of light olefins’ yield.

Table 5.4: Monometallic promoted and un-promoted Fe/CNTSs catalysts performance at 280
'C, 3.45 MPa, GHSV = 2000 h, Ho/CO = 1, and TOS = 24 h,

. CoO Co-Cs CO; Yield = olefins’
Run Mo K Fe L_JltrasomC conversion selectivity  selectivity  selectivity x
(Wt%)  (wi%) (wt%) time (min) %) (%) %) conversion (%)
1 5 - 10 18 60.2 26.9 62.2 16.19
2 2 10 18 95.9 2.8 52.7 2.68
3 0.5 - 10 18 62.2 32.7 65.6 20.33
4 0.75 10 18 96.1 24 52.1 2.30
5 3.8 - 10 18 80.7 334 68.2 26.95
6 0.5 10 18 96.3 2.8 52.3 2.69
7 - 10 18 90.3 15.4 59.7 13.90

Table 5.5 summarizes FTS results of the optimum synthesis conditions (Run 2) with its
monometallic and un-promoted counterparts. These catalysts were characterized thoroughly to
perform an in-depth study of Mo/K binary promoter effects on Fe/CNTs catalyst in Fischer-
Tropsch to light olefins.
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Table 5.5: FTS results of the optimum KMoFe/CNTs catalyst in comparison with its
monometallic promoted and un-promoted counterparts (280 "C, 3.45 MPa, GHSV = 2000 h?,
H./CO =1, and TOS = 24 h).

- Yield = olefins’
Mo K Fe Ultrasonic ~ CO CrCy — CO2 selectivity
Catalyst 0 0 0 ; ; conversion  selectivity selectivity 'ty
(Wt%)  (wt%)  (wt%)  time (min) %) (%) (%) conversion (%)
1 5 - 10 18 60.2 26.9 62.2 16.19
2 - 0.5 10 18 96.3 2.8 52.3 2.69
3 5 0.5 10 18 715 49.6 75.2 35.46
4 - - 10 18 90.3 15.4 59.7 13.90

5.3.2 Characterization

Figure 5.3 demonstrates N. adsorption-desorption isotherms of the calcined catalysts
compared to CNTSs support. The pore structure of the CNTs support can be observed in all
calcined catalysts. Likewise, the acid-treated mesoporous CNTs and all calcined catalysts
exhibit Type 1V isotherm. From Figure 5.3 (a), the decrease in BET surface area is in the order
of 10Fe/CNTs < 0.5K10Fe/CNTs < 5M010Fe/CNTs < 0.5K5Mo010Fe/CNTs, which is related
to pore filling with active metals such as iron, molybdenum, and potassium oxides (Badoga et
al., 2017b). Barrett-Joyner-Halenda (BJH) desorption method was applied to obtain pore size
distribution (PSD) curves of all catalysts (Figure 5.3(b)). From Table 5.6, K-promoted catalyst
possess a wide range of pore distribution (~ 5-45 nm) which can be related to the disordered
structure of mesoporous CNTs, while the PSD for Mo-promoted catalyst became narrower (~
5-25 nm). The larger pore size of 0.5K10Fe/CNTs catalyst offers higher Cs+ selectivity due to
easier iron carbidization and carbon chain growth, which is confirmed by FTS results in Table
5.12 (Cheng et al., 2015c).
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Figure 5.3: (a) N2 adsorption-desorption isotherms of acid-treated CNTs and the prepared
Fe/CNTs catalysts; (b) Pore size distribution of corresponding Fe/CNTSs catalysts.

The textural properties of the acid-treated CNTs and calcined catalysts are shown in Table
5.6. It can be seen that impregnation caused a decrease in BET surface area and total pore
volume. The sharpest decline in the effective surface area was observed in
0.5K5M010Fe/CNTs-Syn, with BET surface area being 103 m?/g. As it can be seen in Table
5.6, dispersion of iron species increased after addition of Mo promoter. Mo as a promoter
resulted in a higher metal dispersion (8.8%), which confirms the narrower pore size distribution
in Mo-promoted Fe/CNTSs catalyst compared to potassium promoter (Figure 5.3(b)). It should
be noted that average pore size in 5M010Fe/CNTs is less than that of 0.5K10Fe/CNTs
indicating the larger metal oxide particle size in Mo-promoted iron catalyst compared to K-
promoted one. Additionally, it may indicate more migration of metal species within carbon
nanotubes in 5SM010Fe/CNTSs.
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Table 5.6: Metal contents and textural properties of the synthesized CNTs support, fresh un-
promoted and promoted Fe/CNTSs catalysts.

Fe Mo K BET surface Total pore Pore Metal
Catalyst content content content area (m?/g)° volume diameter dispersion

(%)° (%) (%) J (cm?/g)© (nm)¢ (%)°
CNTs-Syn - - - 309 1.67 19.4 -
0.5K5M010Fe/CNTs-Syn 9.8 4.8 0.6 103 0.40 14.6 2.43
10Fe/CNTs-Syn 10.1 - - 307 1.51 19.2 2.39
5Mo010Fe/CNTs-Syn 10.2 4.8 - 133 0.76 20.5 8.82
0.5K10Fe/CNTs-Syn 10.2 - 0.4 294 1.35 18.3 2.78

3 Determined by ICP analysis (error + 0.4%), ® Determined by BET method (error + 3%), ¢ Determined by BJH method
(error + 2.5%),% Determined by CO-chemisorption (error + 1.5%)

XRD is an efficient tool to identify the crystallographic structure of the active metal present
in heterogeneous catalysis. Hematite (o-Fe203) and magnetite (FesO4) are two forms of iron
oxide that can be found in oxide catalysts (Figures 5.4 and 5.5). The diffraction peak at 26.3°
corresponds to the (0 0 2) reflection of the synthesized CNTs. The peaks at 20 of 33.2°, 41’
54°, and 63" are assignable to the standard hematite phase (a-Fe203, JCPDS 13-0534) (Alayat
et al., 2018), while the peaks at 20 of 34" are attributed to the magnetite phase (Fe3Os, JCPDS
75-0449) for the spent catalysts (Gu et al., 2019b). The diffraction peaks between 30.2" and
35.7 are attributed to FesO4 and Fe;Os-FesO4, respectively (Xiong et al., 2015). The peak

around 65.8 is assigned to atomic Fe in the catalysts (Tavasoli et al., 2009).

From Figure 5.4, additional peaks at 21" and 23" can be attributed to iron-molybdenum oxide
(Fe2MoxO;) and reduced molybdenum oxide (MoO2.7s) in calcined catalysts (Ma et al., 2006).
KOz, K20, K2CO3, and KOH are more likely present in K-promoted catalyst compared to metal
potassium. The diffraction patterns of the potassium promoter were not discernible, which is
related to its low concentration and high dispersion within the catalyst except in
0.5K10Fe/CNTs calcined catalyst (Zhipeng Tian et al., 2019a). For iron catalysts, the rate of
FTS reaction is influenced by the number and intrinsic reactivity of the iron carbide surface
species. The extent of carbidization and iron carbide dispersion affect the concentration of iron
carbide sites. Furthermore, observable phases in activated and spent catalysts are hematite,
magnetite, and iron carbide (FesCo, FesC, Fe2C in Figure 5.5). It is suggested that iron oxide is
finely dispersed on Mo-promoted catalysts due to the broad and small peaks at 20 = 33" (Figure
5.4).
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Figure 5.4: XRD spectra for the un-promoted and promoted Fe/CNTSs calcined catalysts.
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Figure 5.5: XRD spectra for the un-promoted and promoted Fe/CNTSs spent catalysts.

Scherrer formula was used to measure the average Fe>Os crystallite size of fresh and spent
catalysts (Table 5.7). It has been suggested that the surface iron (I1) oxide plays an important
role during FTS through regulating the relative rates of CO hydrogenation and stabilizing the

iron carbide catalyst. It has been also noted that difficulties with removal of the adsorbed
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oxygen from the active iron carbides can be related to an irreversible oxidation in the presence
of water (Thiine etal., 2012). It is obvious that addition of molybdenum to 10Fe/CNTSs catalysts
increased the average particle sizes in fresh catalysts (Tian et al., 2019b). However, the addition
of 0.5 wt% potassium decreased iron oxide particle size slightly (30.0 nm) in calcined catalysts.
After FTS reaction, the iron oxide particle size of 10Fe/CNTs increased due to gradual
deactivation and agglomeration. However, the presence of molybdenum in spent 10Fe/CNTs
catalysts resulted in a lower iron oxide particle size, confirming the increase in metal dispersion
for Mo-promoted Fe/CNTSs catalysts. It can be suggested that Mo strengthened the synergistic
effect between iron carbides and Bronsted acid sites and enhanced the formation of light olefins

by increasing metal dispersion and preventing iron oxide agglomeration.

Table 5.7: Average particle size of iron oxide for fresh and spent catalysts by XRD.

Fe,O; crystallite size (nm) (1)
Catalyst

Fresh Spent
10Fe/CNTs-Syn 35.1 70.6
0.5K5M010Fe/CNTs-Syn 71.2 34.7
5M010Fe/CNTs-Syn 70.3 53.0
0.5K10Fe/CNTs-Syn 30.0 53.0

Acid treatment leads to CNTs cap opening, and these defects can serve as anchoring sites
for the iron particles to attach or diffuse inside the CNTs during ultrasonic-assisted wet
impregnation (Bora Ye et al., 2020). Iron particles are distributed on both inner and outer
surfaces of CNTs (Setiabudi et al., 2018). Therefore, transmission electron microscopy (TEM)
was employed to determine particle size distribution and morphological differences between
promoted and un-promoted Fe/CNTSs catalysts. TEM images for the calcined un-promoted and
promoted Fe/CNTs catalysts are shown in Figure 5.6. CNT inner and outer diameters were
between 3.8-7.7 nm and 12.3-18.2 nm, respectively. It can be observed that particle size
distribution histograms of metal oxides in fresh catalysts are in good agreement with Fe;Os
crystallite size obtained by XRD (Table 5.7). Figure 5.6 (d) shows a desirable dispersion of
metal species within carbon nanotubes due to the presence of binary promoter of Mo/K

preventing metal particles from agglomeration.
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Figure 5.6: TEM micrographs and particle size distribution histograms (a) 10Fe/CNTs; (b)
0.5K10Fe/CNTs; (c) 5M010Fe/CNTs; (d) 0.5K5Mo010Fe/CNTs.

Figure 5.7 illustrates the Hx-temperature programmed reduction (TPR) profile of un-
promoted and promoted Fe/CNTSs catalysts to understand the influence of promoters on iron-
oxide reducibility. The peaks at a lower temperature represent Fe2O3 being reduced to FezOa,
while those at a higher temperature indicate FesO4 being reduced to FeO, which is then reduced
to Fe. The iron oxide reduction peaks for 0.5K5Mo10Fe/CNTs catalysts appear at 455 “C and
539 °C, respectively. As indicated in the H>-TPR profiles, the addition of promoters increased
the iron oxide reduction temperatures. The potassium promotion leads to a lower intensity of
the H>-TPR peaks and probably corresponds to a lower extent of iron oxide reduction (Gu et
al., 2021). The peak at a temperature higher than 650 “C can be assigned to the gasification of
CNTs. The amounts of adsorbed H» are shown in Table 5.8 for un-promoted and promoted

catalysts.
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Figure 5.7: Ho-TPR profiles of promoted and un-promoted Fe/CNTs catalysts.

Table 5.8: H uptake by un-promoted and promoted Fe/CNTSs catalysts.

Temperature (°C)

Reaction temperature ("C)

Catalyst H; uptake (mmol/g)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

10Fe/CNTSs 280 409 511 513 576 01 54 0 O 0.9

0.5K10Fe/CNTs - 414 - - - 2.8

0.5K5M010Fe/CNTs - 455 539 - 582 16 14 1.0

5Mo010Fe/CNTs 431 498 - 589 23 09 1.2

Raman spectroscopy was used to characterize the defects in CNTs, 10Fe/CNTSs,
5Mo010Fe/CNTSs, 0.5K10Fe/CNTs, and 0.5K5M010Fe/CNTs samples. From Figures 5.8 and

5.9, the Raman spectra are dominated by two vibration bands that are typical of carbonaceous

material Raman vibrations: The D band at 1345 cm™ is assigned to amorphous or disordered

carbon within structural defects. As a result of the sp? stretching vibration of graphitic

structures, the G band at 1573 cm™ appears in graphitic samples. In Figure 5.8, the vibration
bands at 993, 968, 818, and 775 cm™ correspond to v (Mo=0) vibrations, while Mo-O-Mo
vibrations appears at 350 cm™, and that of O-Mo-O is observed at 286 cm™ and 214 cm™

(Kazakov et al., 2020). Low intensity peaks at 200-700 cm™ can be detected in promoted and

un-promoted fresh catalysts, corresponding to Fe species typical of a-Fe>Os (Lama et al., 2018).

Considering CNTs Raman spectra, the outer and inner diameter of the tubes is determined by
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d = 233.75/wr, where w is the radial breathing mode (RBM) frequency (cm™) and d is the tube
diameter (nm) (Zhang and Jia, 2013). From Figure 5.8, the RBM frequency is approximately
118 cm, and the calculated diameter is 2.0 nm, which is in good agreement with TEM images
(Figure 5.6).

CNTs treat —— CNTs untreat ——10Fe/CNTs
0.5K10Fe/CNTs SMolO0Fe/CNTSs 0.5K5Mol0Fe/CNTs

Intensity (a.u.)

100 275 447 616 782 944 1,104 1,260 1,414 1,565 1,713
Wavenumber (ecm™')

Figure 5.8: Raman spectra of the CNTSs support, un-promoted and promoted Fe/CNTs
catalysts.

The ratio of D band to G band (Io/lg) for CNTs before and after acid treatment together with
its unpromoted and promoted Fe/CNTs fresh catalysts are shown in Table 5.9, where D
indicates disordered graphitic lattice (i.e., graphene layer edge, Aig symmetry), and greater
Io/lg indicates more defects on the sample. In the case of 5Mo010Fe/CNTs fresh catalyst, the
highest amount of metal dispersion (8.82%) was achieved by CO-chemisorption (Table 5.6),
which can be attributed to the significant defects on CNT structure, thus resulting in the highest
In/lg of 3.23 in this sample (Table 5.9). The creation of a flawed CNT structure shortens the
effective length of the CNT and produces orifices (Fellenberg et al., 2021). More flaws on
CNTs, in theory, lead to a stronger metal-support interaction and hence a greater metal particle
stability (Duan et al., 2016).
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Table 5.9: Raman data for CNTs support, un-promoted, and promoted calcined catalysts.

Peak position (cm™)

Sample 1D Io/lg
D-band G-band
CNTs-treat. 1343 1576 0.56
CNTs-untreat. 1344 1576 0.89
10Fe/CNTs 1355 1576 0.92
5Mo10Fe/CNTs 1351 1528 3.23
0.5K10Fe/CNTs 1355 1576 0.89
0.5K5M010Fe/CNTs 1355 1576 1.02

Despite the existence of D-band and G-band peaks in the Raman pattern of spent catalysts
(Figure 5.9), there are some characteristic peaks around 200-300 cm™ which can be assigned
to the iron carbide (FesC) (Wang et al., 2017). Table 5.10 represents the Ip/lc ratio of the spent
catalysts, which varied between 0.87 and 0.97. It should be noted that Ip/lc of 5M010Fe/CNTSs

decreased from 3.23 to 0.87 after FTS process, which might be related to iron carbide species

formation.
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Figure 5.9: Raman spectroscopy of the un-promoted and promoted Fe/CNTSs spent catalysts.
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Table 5.10: Raman data for un-promoted and promoted Fe/CNTSs spent catalysts.

Peak position (cm™)

Catalyst Io/lg
D-band G-band

10Fe/CNTs 1330 1587 0.90

5Mo010Fe/CNTs 1351 1580 0.87

0.5K10Fe/CNTs 1334 1593 0.90

0.5K5M010Fe/CNTs 1330 1587 0.97

CO,-TPD was used to investigate the effects of Mo and K promoters on the surface basicity
of the catalysts. According to TPD profiles (Figure 5.10), addition of Mo as a promoter
increased the surface basicity of the catalyst. The peaks at high temperatures (550-700 ‘C)
correspond to desorption of chemically adsorbed CO; at strong primary sites (Gong et al.,
2020). Peaks at temperatures ranging from 200 to 550 "C are attributed to moderately primary
sites (T. Li et al., 2017). The amount of desorbed CO> represents the number of primary basic
sites, and the higher the temperature of CO> desorption is, the stronger the strengths of basic

sites are.

The CNTSs support consists of moderate primary sites (Lu et al., 2014c). By adding K as a
promoter, peaks shifted to lower temperatures, which decreased catalyst basicity. As indicated
in Table 5.11, the total quantity of desorbed CO2 over 10Fe/CNTs and 0.5K10Fe/CNTs (56
mmol/g) are less than that of 0.5K5Mo010Fe/CNTs (148 mmol/g) and 5Mo10Fe/CNTs (175
mmol/g). Comparison of CO>-TPD results reveals that Mo can increase the number of primary
adsorption sites on CNTs-supported iron catalysts. Similar effects has been reported for role of
Mn in iron-manganese catalysts (Cheng et al., 2016). In addition, 5Mo010Fe/CNTSs catalyst
showed the highest CO, chemisorption which can be due to higher metal dispersion in Mo-
promoted Fe/CNTSs catalyst (Table 5.6). In practice, alkali metal ions are usually used to
improve the surface basicity of iron catalysts, declining methane production and increasing
light olefins' selectivity (Torres Galvis and de Jong, 2013). Nevertheless, alkali promoters
exhibit gradual loss during operation, particularly in the presence of water. It has been reported
that the basicity of the catalyst is favorable for light olefins’ production, which is confirmed by
FTS results (Table 5.12) (Gu et al., 2017).
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Figure 5.10: CO,-TPD profiles of the CNTs, un-promoted and promoted Fe/CNTSs catalysts.

From Table 5.11, the basicity of K-promoted catalyst is lower than Mo-promoted catalyst
which leads to lower C,-C4 selectivity. The maximum level of CO, desorption which implies
the highest basicity is observed in 5Mo10Fe/CNTs. From Table 5.9, 5M010Fe/CNTs also
exhibits the maximum value of Ip/lg (3.23). It has been reported that the highest degree of
surface defects on the CNTSs structure gives rise to maximum COz release (Rinaldi et al., 2010).
The large number of defects on 5M010Fe/CNTSs catalyst facilitates the formation of iron
carbide active phases and promotes light olefin selectivity, while lowering FTY (Z. Zhang et

al., 2018b).

Table 5.11: Basicity of the CNTSs, un-promoted and promoted Fe/CNTSs catalysts.

Catalyst CO; desorption temperature ('C) Total basicity (mmol CO2 gear)
10Fe/CNTs 619 56

0.5K10Fe/CNTs 606 56

5Mo010Fe/CNTSs 653 743 172 8
0.5K5M010Fe/CNTs 639 148

The un-promoted and promoted Fe/CNTs catalysts before and after FTS reaction were
characterized by XPS to determine chemical states and composition of Fe, Mo, and K species
on the close vicinity of the surface. The XPS spectra were calibrated for the C1s peak at 284.8

eV. In the case of Fe2p, carbon enwrapped iron particles, causing a weak XPS response in the
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Fe2p spectrum of spent catalysts (Jiang et al., 2015). The Fe2p high-resolution spectra show
two regions around 710 and 723 eV, due to spin-orbit coupling leading to a splitting of the
Fe2pa and Fe2p1» transitions, respectively, with a shakeup satellite peak at 719.2 eV (Alayat
et al., 2018). The form of the peaks together with the binding energies signify the presence of
Fe3* species. Peaks observed for Si2p and Si2s in spent catalysts are comparable to those
observed for silica (BE (Si2p) = 101 eV) (Barreca et al., 2007). The XPS data approved the
XRD patterns that depicted (o-Fe2Oz) hematite phase in the un-promoted and promoted
calcined catalysts. (Figure 5.11)
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Figure 5.11: (a) Wide XPS survey; (b) C1s; (c) Fe2p of the un-promoted and promoted fresh
Fe/CNTs catalysts.
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Figure 5.12: (a) Wide XPS survey; (b) C1s; (c) Fe2p of the un-promoted and promoted spent
catalysts.

The Fe2p XPS spectrum of the 0.5K10Fe/CNTs catalyst (Figure 5.12 (c)) depicts a similar
trend to that of FesC/C catalyst with a shift of 0.5 eV toward lower binding energy. This
indicates that adding potassium as a promoter would lead to iron carbide formation (Zhipeng
Tian et al., 2019b). Promotion of iron catalysts with alkali metals leads to an increase in the
chain length of hydrocarbon products or decrease in production of CHa. In addition, increase
in WGS activity or CO; selectivity occurs owing to alkali ions added to iron catalysts (Barrios
et al., 2020).

Thermal properties of the calcined Fe/CNTSs catalysts were studied applying TGA/DTG
under a nitrogen atmosphere (Figure 5.13). 10Fe/CNTs catalyst (Figure 5.13 (a)) showed a total
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weight loss of 5 wt% up to 600 ‘C, while 0.5K5Mo010Fe/CNTs catalyst exhibited a greater
wight loss of nearly 11 wt%. Above 400 ‘C, the weight loss can be related to incomplete
calcination and loss of graphitic carbon or CNTs, which corresponded to the DTG exothermic
peak at 550 "C (Figure 5.13 (b)). The initial endothermic peaks in the range of 55-100 'C were
observed in all catalysts, indicating the loss of adsorbed moisture and dehydration of iron

oxyhydroxide (FeOOH) formed by ambient moisture (Peron et al., 2021).
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Figure 5.13: (a) TGA,; (b) DTG thermograms of un-promoted and promoted fresh catalysts.

5.3.3 Fischer-Tropsch synthesis

As shown in Table 5.12, the catalytic performance data was acquired for 24 h of time-on-
stream (TOS) and reached stable condition. Interestingly, potassium-promoted iron catalysts
show the maximum CO conversion (96.3%) and FTY (0.01002 molco/gees). 5M0o10Fe/CNTs
catalysts show the maximum iron dispersion (8.8%), while iron time yield (FTY) and CO
conversion reached to a minimum of 0.0058 molco/gres and 60.2% in 24 h, respectively. This
is mainly related to supressing iron oxide reduction and carburization (Qin et al., 2011). The
FTY and apparent TOF for Mo-promoted iron catalysts decreased with increasing FesC:
particle size compared to the un-promoted iron catalyst (Torres Galvis et al., 2012).
Comparison of 10Fe/CNTs and 0.5K10Fe/CNTs catalytic performance revealed that promotion
with potassium increases olefin to paraffin ratio (2.0 to 2.3), while decreases light olefins
selectivity (15.4 to 2.8) (Cheng et al., 2015a).
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It has been reported that the higher catalytic activity of 0.5K10Fe/CNTs is related to the
positive effect of potassium on the formation of iron carbides. The presence of specific content
of potassium enhances the adsorption of syngas on 0.5K10F/CNTs catalyst surface due to the
higher rate of electron transfer among iron active sites (Tian et al., 2017). It can be proposed
that K in 0.5K10Fe/CNTs catalyst controls the rate of iron carbide formation. It has also been
suggested that high potassium content leads to accumulation of carbon on the iron catalyst
surface and deactivation (Schulz, 2014). From the literature, TPR/XANES/EXAFS analyses
have confirmed that potassium could promote the rate of carburization of Fe/CNTSs catalyst. By
adding alkali metals, due to an increase in the coverage of dissociatively adsorbed CO the
carburization rate increases. From EXAFS Fourier transform magnitude spectra, the
reduction/carburization of magnetite to form iron carbides occurs at relatively lower
temperatures for potassium promoted Fe catalyst compared with the unpromoted catalyst.
Carburized iron-based FTS catalysts are mixtures of Hagg and e-carbides besides FezOs. Due
to the lower carburization temperature, e-carbide presents as a higher fraction for K-promoted
iron catalyst (Ribeiro et al., 2010).

Table 5.12: Catalytic performance of un-promoted and promoted Fe/CNTSs catalysts in FTS
(T =280 °C, P =3.45 MPa, H,/CO = 1, GHSV = 2000 h%, and TOS = 24 h).

FTY Apparent o cO, Hydrocarbon selectivity
Catalysts X104 TOFx103 conversion  selectivity (o5) CosICot®
(molcogre's™) (s (%) (%) CH: Coe Codd Gy
10Fe/CNTs 92.8 0.85 90.3 59.7 720 154 1.7 48 2.00
5Mo010Fe/CNTs 58.0 0.15 60.2 62.2 56.6  26.9 14.3 22 188
0.5K10Fe/CNTs 100.2 0.80 96.3 52.3 176 28 1.2 784 233
0.5K5M010Fe/CNTs  78.7 0.75 71.5 75.2 34.7 496 14.3 1.4  3.46

It can be observed that among all promoted and unpromoted catalysts, 0.5K10Fe/CNTSs
shows the minimum CO; selectivity of 52.3% (Table 5.12 in 24 h) and 58.2% (Table 5.13 in
119 h). High carbon dioxide selectivity confirms that catalysts could be functional in direct
dissociation of CO which releases O atoms as CO», or significantly active products in WGS
(Liu et al., 2021). It is noticed that 10Fe/CNTSs possesses the highest TOF which is 8.5x10% s

1 suggesting the electronic effects of K and Mo depend on the intrinsic activity of iron carbide
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surface sites. Moreover, the presence of bimetallic promoter Mo/K changes the product
selectivity toward light olefins compared with the un-promoted catalyst. For
0.5K5M010Fe/CNTs catalyst, the selectivity to methane decreases from 72.0% to 34.7%, while
the olefin-to-paraffin (O/P) ratio increases from 2.0 to 3.46. In 5M010Fe/CNTs at a carbon

monoxide conversion of 60.2%, the light olefins’ selectivity reaches 26.9%.

The objective of using structural promoters such as molybdenum is to improve iron
dispersion, light olefin selectivity, extent of iron carbidization, and FTS reaction rates. From
the literature, it is seen that potassium increases CO dissociation by preserving the carbide
phase, which is active for FTS. It is also seen that Mo inhibits the iron active phase formation,
which leads to low FTS activity (Martinez del Monte et al., 2019).

In our study, applying potassium (0.5K10Fe/CNTSs) led to a lower iron dispersion (2.78%)
compared with molybdenum promoted catalyst of 5Mol0Fe/CNTs (8.82%). Figure 5.14
depicts the variations of CO conversion as a function of TOS on monometallic, bimetallic
promoted, and unpromoted iron catalysts. According to Figure 5.14, the activity of the
0.5K5M010Fe/CNTs catalyst reached its maximum value of 71.5% after 24 h. Afterwards,
syngas conversion drops to 60.7% at TOS of 119 h. It can be observed that the CO conversion
rate of 5Mo010Fe/CNTs catalyst is lower than 0.5K10Fe/CNTs and 10Fe/CNTs catalysts. The
effects of potassium loading on the deactivation of unpromoted, and K-promoted iron catalysts
have been investigated. It has been reported by increasing potassium loading, the deactivation
rate passes through a minimum.

In addition, by decreasing potassium loading, iron carbides significantly tend to oxidize with
TOS which confirms potassium effect on the carburization rates of Fe catalysts. Unpromoted
iron catalyst depicted a gradual decrease in the CO conversion with the reaction time. Addition
of K slightly increased FTY from 92.8x 10* molco gre s in 10Fe/CNTs to 100.2 x 10 molco
gre'st in 0.5K10Fe/CNTSs (Table 5.12). The catalytic performance and deactivation behavior
of the 0.5K10Fe/CNTs is similar to the unpromoted iron catalyst (Peron et al., 2021). However,
K-promoted iron catalyst (0.5K10Fe/CNTSs) results in a slight improvement of the stability in
comparison with 10Fe/CNTSs. This is mainly related to the formation of Fe3sO4 and reducing y-
FesC> phase with increasing TOS and, increase in stability with potassium loading up to 0.5%
(Pendyala et al., 2014). It is suggested that K suppresses H. adsorption owing to donating

electrons to iron oxide and increasing the electronic charge of metallic atoms. Thus, K promotes
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the chain growth reaction and retards the hydrogenation reaction during FTS process. It is also
reported that addition of potassium suppressed the oxidation of iron carbides and improved the

stability (Wan et al., 2008).
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Figure 5.14: CO conversion as a function of TOS for unpromoted and promoted Fe/CNTSs
catalysts. Operating conditions: T = 280 ‘C, P = 3.45 MPa, H2/CO = 1, GHSV = 2000 h*, and
TOS=119h.

The promoted and unpromoted Fe/CNTSs catalysts were subjected to a 119 h test to evaluate
the stability of these catalysts in FTS. As shown in Table 5.13, apparent TOF of all studied
catalysts increased after 119 h on stream compared with that of 24 h. From Table 5.13,
potassium as a promoter increased the activity of 10Fe/CNTSs catalysts from 74.9% to 85.3%.
Addition of Mo to the iron catalyst (5Mo10Fe/CNTS) led to a lower activity compared to the
unpromoted iron catalyst (10Fe/CNTSs). Regarding to H>-TPR results (Figure 5.7), addition of
molybdenum increases reduction temperatures compared to 10Fe/CNTSs resulting in a lower
availability of Fe active sites. Moreover, due to high content of molybdenum and partial
coverage of Fe active sites, the activity of 5Mo10Fe/CNTs (52.9%) is lower than that of the
unpromoted iron catalyst (74.9%) at 119 h (Malek Abbaslou et al., 2011). Likewise, Li et al.
reported the average particle sizes of iron oxide reduced by increasing Mo loading which led
to FTS activity decline. By increasing Mo loading, dispersion was enhanced, while reduction
of hematite to a-Fe was hindered due to the coverage effect of molybdenum. They concluded
that high molybdenum loading resulted in the strong interaction between iron and molybdenum

which decreased the intrinsic activity of iron active sites (L. Li et al., 2017).
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From Table 5.7, the increase in iron particle sizes of the unpromoted catalyst (10Fe/CNTS)
shows metal sintering, which is one of the deactivation mechanisms (Gu et al., 2019a).
However, Mo-promoted catalysts exhibited a reduction in iron particle sizes. For Mo-promoted
catalysts, based on Raman spectroscopy results (Table 5.9), CNTs support demonstrates
maximum defect structures, which act as anchoring sites to stabilize Fe nanoparticles against
sintering (Duan et al., 2016). In bimetallic promoted Fe/CNTSs catalysts, potassium promotion
appears to boost CO conversion, while Mo leads to a higher light olefins' selectivity, which
finally enhanced light olefins' yield even further. Table 5.13 reveals that it is not possible to

have high light olefins’ selectivity and high CO conversion concurrently in a catalyst.

Table 5.13: Catalytic performance of un-promoted and promoted Fe/CNTSs catalysts in FTS
(T =280 °C, P = 3.45 MPa, H,/CO = 1, GHSV = 2000 h%, and TOS =119 h).

FTY Apparent o co, Hydrocarbon selectivity
Catalysts X104 TOFx103 conversion  selectivity  (o5) Co.47/Cp.40
(moleogre's™) (s (%) (%) CHi Cos Cod Co
10Fe/CNTs 96.2 2.17 74.9 67.3 752 172 45 3.1 382
5Mo010Fe/CNTs 68.2 4.18 52.9 60.3 29.1 375 183 151 2.04
0.5K10Fe/CNTs 109.7 2.13 85.3 58.2 283 127 48 542 2.64
0.5K5M010Fe/CNTs  78.2 1.74 60.7 71.2 271 512 134 83 3.82

5.4 Conclusions

In this study, the effects of potassium and molybdenum as promoters for CNTs supported
iron catalysts was investigated in FTS. Applying two-level full factorial design, the promoter
mass ratio and iron loading were identified as significant factors. Compared with the
monometallic promoted Fe/CNTSs catalysts, 0.5K5Mo10Fe/CNTs prepared under the optimum
synthesis conditions resulted in the highest olefins’ yield. Addition of potassium increases CO
conversion, while molybdenum enhances the selectivity to light olefins. Molybdenum as a
promoter left structural defects on carbon nanotubes, thus increasing iron dispersion (8.8 %),
reduction temperature, and CO.-desorption temperature in Mo-promoted Fe/CNTSs catalysts.
Implementing Raman spectroscopy, CO-chemisorption, and H>-TPR, and CO,-TPD clearly
confirmed our hypothesis.
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Moreover, CNT mesoporous structure and FTS active phase of FesC were observed in N2
adsorption-desorption isotherms and X-ray diffractograms of Fe/CNTs calcined and spent
catalysts, respectively. Iron oxide particle size measurements for calcined and spent Fe/CNTs
catalysts showed that bimetallic promoters Mo/K helped prevent sintering and agglomeration.
Additionally, C1s peak in XPS spectra enhanced by Mo, which might be a sign of molybdenum
carbide phase present in spent Mo-promoted Fe/CNTs catalysts. Therefore, molybdenum
carbide phase would lower stability of Mo-promoted catalysts due to its atomic size and its
interactions with CNTSs support. Likewise, FTY and TOF values decrease in the presence of
Mo as a promoter, even though adding Mo increases light olefins’ selectivity and sintering
resistance compared to the un-promoted iron catalyst. Comparison between unpromoted and

promoted catalysts revealed that the addition of 0.5 wt% K led to a more stable catalyst.

After finding the most active KMo-promoted Fe/CNTSs catalyst formulation, in the next
phase kinetic study is conducted to identify the best-fit rate equation for FTS over a wide range

of reaction conditions using the optimal KMo-promoted Fe/CNTSs catalyst.
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CHAPTER 6: Comprehensive Kinetic Study for Fischer-Tropsch Reaction
over KMoFe/CNTs Nano-structured Catalyst

The content of this section is submitted to The Canadian Journal of Chemical Engineering,

and it was presented at the Canadian Chemical Engineering Conference, Vancouver, October
23-26, 2022.

Contribution of the PhD candidate:

Experiments were designed in consultation with Dr. Philip Boahene, (Postdoc member of
the group) and Mr. Tolu Emiola-Sadig (Ph.D. student of the group) under the supervision of
Dr. Ajay K. Dalai and Dr. Lifeng Zhang and executed by Arash Yahyazadeh. Material
synthesis, catalysts characterization and data interpretation were performed by Arash
Yahyazadeh. The manuscript was drafted by Arash Yahyazadeh with guidance, suggestions,

and reviews provided by Dr. Philip Boahene and Dr. Ajay K. Dalai.
Contribution of this chapter to overall PhD research:

The third phase of the research is investigated in this chapter: Kinetic study for Fischer-
Tropsch reaction over KMoFe/CNTs nano-structured catalyst. This chapter is the basis of the

following chapters.

6.1 Abstract

The Kkinetics of Fischer-Tropsch (FT) reaction was evaluated through detailed
experimentation with KMo bimetallic promoted Fe catalyst supported on carbon nanotubes
(CNTSs). The kinetic tests were conducted in a fixed-bed reactor under operating conditions (P
=0.7-4.1 MPa, T = 270-290 ‘'C, H2/CO = 1, GHSV = 2000 h). The present study aimed to
investigate the mechanism prevailing in CO activation and rate equation for CO consumption
during FT reactions over 0.5K5Mo010Fe/CNTs catalyst. To evaluate the synergistic effects of
Fe, Mo, and K phases on the catalyst activity, both fresh and spent catalysts were thoroughly
characterized using XRD, XPS, SEM-EDS, XANES, and EXAFS to ascertain the different
phases (active sites) present and relevant interactions. Based on the adsorption of carbon
monoxide and hydrogen, twenty-two possible mechanisms for monomer formation were
proposed for Fischer-Tropsch synthesis in accordance with the Langmuir-Hinshelwood-
Hougen-Watson (LHHW) and Eley-Rideal (ER) adsorption theories. The best fit kinetic model
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was identified through a multi-variable nonlinear regression analysis. The selected mechanistic
model was based on carbide formation approach, where H-assisted adsorption of CO was
considered for the derivation. Kinetic parameters such as activation energy, adsorption
enthalpies of H> and CO were estimated to be 65.0, -13.0, and -54.0 kJ/mol, respectively. Based
on the developed kinetic model, the effects of reaction temperature and pressure were assessed
on FTS product distribution. Additionally, the kinetic model was further compared with the
typical Anderson-Schulz-Flory model, suggesting the effects of water-gas-shift and the
existence of additional formation pathway such as secondary re-adsorption of olefins for

heavier hydrocarbons.
6.2 Materials and methods

6.2.1 Materials

Preparation of the optimal nanocatalyst (0.5%K5%Mo010%Fe/CNTSs) used in this phase is
presented in section 3.2.4 (Yahyazadeh et al., 2022b). Diverse complementary analytical
techniques performed to characterize 0.5K5Mo10Fe/CNTs catalyst are provided in detail in
Chapter 3.

6.2.2 Methodology
The experimental schematic of the FTS process is depicted in Figure 6.1. FTS experiment,

product sampling, composition analyses, and Kinetic studies are described in sections 3.4 to
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Figure 6.1: Schematic representation of Fischer-Tropsch reaction setup.
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The plug flow pattern was considered for the gaseous feed stream and the experimental CO

consumption rate was calculated as follows:

X

W CO out dx 1 e X ou - X in

_Coat:JAX ; co _ dXCO — CO,out CO, (6_1)
FCO Xco,in —Tw (—rco)avg Xcon (_rCO)avg

Foo (Xco.0t = *con)
(_r )a\, — CO O,out CO,in (6'2)
coran Wcat
XCO I:(‘E)O
~ryy = C0TC0 (6-3)
WCat

where Foco is the input flow rate of CO (mol/min) and Weat is weight of the catalyst (gear). It
should be noted that the CO conversion was less than 30 mol% for most of the experimental
data points (Table 6.1), which could be a reasonable assumption for considering (-rco)avg as a
constant over the entire length of the reactor. Foco was obtained as follows:

v, P
F2 =v,Coo =250 6-4
(e{6] 0~Co RT ( )
The mass balance for the FTS reaction products is calculated as follow:
Mass balance = 1- (|m°’in — Mo ou ) <100 (6-5)

C,in
where mc,in and mcout denote the mass of input and output carbon (g), respectively.

In the kinetics study, each experiment was performed in triplicate and the average values are
reported. To evaluate catalyst activity, catalyst deactivation during the FTS reaction was
controlled and Kinetic tests reported for a safe period with no deactivation. Regarding our
previous optimization study in Chapter 5, the highest yield of light olefins was obtained 35.5%
using the optimal bimetallic promoted 0.5K5Mo010Fe/CNTs catalyst at T = 280 'C, Pyt = 3.4
MPa, GHSV = 2000 h'%, and H,/CO = 1 for time-on-stream of 24 h (Yahyazadeh et al., 2022b).
Therefore, the range of operating conditions for kinetic study were selected based on the
optimal catalyst performance. Since the olefin content decreases with the increase in H,/CO
feed ratio (Todic et al., 2016), the H2/CO feed ratio was considered as a constant value. Fischer-
Tropsch synthesis is sensitive to the reaction temperature. As temperature increases the syngas
conversion decreases (dyen et al., 2022). Moreover, the rates of methanation and hydrocarbon

chain termination tend to be slower at lower FTS reaction temperature compared to the rate of
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COdissociation (Van Santen et al., 2011). Hence, the kinetic tests were performed in the limited

range of temperature (270-290 "C). Table 6.1 shows the experimental data obtained by variation

of temperature and pressure within 15 experiments for kinetic study. The Kinetic testing

conditions are in the following ranges: Temperature = 270-290 ‘C, pressure = 0.7-4.1 MPa,
H2/CO =1 and GHSV = 2000 h'.

Table 6.1: The experimental conditions and FTS results for kinetic study at Pyt = 0.7-4.1

MPa, T = 270-290 °C, H,/CO = 1, and GHSV = 2000 h'! in a fixed-bed reactor.

Test T Pot  co Po P o reo gocr)wersion Mass balance
no (c) (MPa) (MPa)  (MPa)  (MOI/MIN)  (mol/min gea)  (molos) (%)
1 270 41 1 11 14 000484 0000969288  30.92 98.34
2 2715 41 1 12 15 000535  0.000892887  25.10 99.12
3 280 41 1 11 14 000485  0.000906304  28.73 92.35
4 280 38 1 10 12 000436 0000814502  28.91 97.62
5 280 34 1 13 14 000574  0.000689306  18.43 91.45
6 280 31 1 13 14 000587 0000744275  19.75 94,57
7 280 28 1 13 12 000544 0000544521 1538 90.43
8 280 24 1 11 11 000498  0.000564441  17.97 90.11
9 280 21 1 10 10 000440  0.000558117  19.38 93.56
10 280 17 1 09 08 000374 0000549474 2261 92.46
11 280 14 1 07 07 000314 0000503094  24.09 97.72
12 280 10 1 06 05 000238 0000476914  30.39 99.29
13 280 07 1 04 04 000160  0.000470613  44.48 99.12
14 285 41 1 09 12 000372 0001324656  53.32 96.25
15 290 41 1 08 12 000332 0001285232  57.97 95.28

For kinetic study, the variation in the superficial velocity and the density of the gas mixture

were not taken into consideration in the suggested model. However, Mendez et al. (Miroliaei

et al., 2012) investigated the significance of gas density and superficial gas velocity in axial

and radial directions for a fixed-bed FTS reactor. The process variables such as density and

surface velocity affect the product distribution in FTS (Miroliaei et al., 2012). The estimation

of the kinetic parameters through the best-fit model was determined by a multi variable non-
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linear regression method, using the Levenberg-Marquardt (LM) algorithm. Typically, the cost

functional minimization is the basis of non-linear regression of tracer kinetics models:

Sw) =T 0@ = S, (L, v)* = |ly = Sl (6-6)
where N and y=/y(1), ...,y(N)]" refer to the number of curve points and the measured data. For
estimating the optimum & = (f; Dp; Dy), the LM algorithm is a common method approximating
the Hessian of Sp(8). Description of this algorithm is beyond the scope of the present study
(Fusco et al., 2015).

The objective function used to optimize the parameters of the kinetic model is as follow:

exp

SSR = Z(rfé% e’ (6-7)

where Nexp corresponds to the total number of experiments. In addition, 7’3 and /25" were

assigned to the experimental and calculated CO conversion rates, respectively, considering the

corresponding kinetic model in the i data point.

Three statistical functions including R?, RMSD and MARR were employed to estimate the
accuracy of the fitted model relative to the experimental data. The R? value, known as the
nonlinear correlation coefficient using the quantity of variance, was obtained as follows:

(NZ rco (6-8)

exp 1,CO

Nexp
2 (exp mod
| co | CO

R2=1-- (6-9)

=1
Nexp

> -

To show the differences between the experimental and the calculated consumption rate of

CO, the root mean square deviation (RMSD) was used:

RMSD =

(Z(rf*p —E8)?)? (6-10)

exp

The accuracy of different rate models by considering the experimental consumption rates of

CO was obtained via mean absolute relative residual (MARR) as follows:
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r-i ,CO

1 100 (6-11)

exp

Nexp
MARR =

i=1

6.3 Results and discussion

6.3.1 Catalyst characterization

Considering the kinetics of FTS reaction, it is important to correlate the CO consumption to
CO adsorption and -CH»-polymerization mechanism. Different active sites of the catalyst are
directly related to these effects. The XRD patterns of the calcined and spent KMoFe/CNTs
catalysts show iron metal phases (Fe;Os) around 20 = 40.9° (Figure 6.2). The weak peaks
attributed to iron oxides suggest high Fe dispersion in calcined and spent catalysts (Cheng et
al., 2015b). The two diffraction patterns around 26 = 25.8°, 42.4°, 44.3°, and 77.5" correspond
to graphite crystallites related to the lattice plane (00 2), (100), (1 01), and (1 1 0), respectively
(Kumar et al., 2021). The calcined and spent catalysts display the diffraction peaks at 20 = 44’
which are attributed to y-FesCo or e-Fe.C (Peron et al., 2021). Iron molybdenum oxide
(Fe2(Mo0a4)3) peaks reported as the mixture of hematite and molybdenum trioxide can be
detected at 20 = 13.7°, 15.3°, 20.4°, and 21.7° (Alayat et al., 2018). M0oOs; and K2M04013
(potassium molybdenum oxide) peaks were detected at 20 = 12.7, 46.2°, 49.2°, 52.8°, 64.8’,
69.3°,and 20 =19.4",22.9°,23.3°, 24.9°, 25.6°, 26.5", 27.3", 30.2, 37.5", and 38.4’, respectively;

thereby, confirming the promoters’ presence in the calcined catalyst.

Crystallite phase of molybdenum species did not show a sharp peak in the calcined catalyst
even at 5 wt% of molybdenum loading due to the amorphous structure of the molybdenum
species (Abbaslou et al., 2011). In the spent catalyst, the diffraction peaks at 20 = 34.2° and
38.0° correspond to the Mo,C crystal planes of (1 0 0) and (0 0 2), which indicate the existence
of characteristic hexagonal close packed structure of molybdenum carbide (Stalin et al., 2018).
Iron oxide in two phases (FesO4 and FeO) can be observed at 20 = 53.7 and 60.0, respectively,
in the XRD pattern of the spent catalyst, suggesting the reduction of iron oxide in the catalysts.

The Debye-Scherrer equation was used to measure the average Fe,Os crystallite size of fresh
and spent bimetallic promoted catalysts (Table 6.2). From Table 6.2, the average Fe>O3
crystallite size in fresh and spent states were 71.2 nm and 34.7 nm, respectively. A structural
promoter has been reported to prevent the sintering of a-Fe during reduction (M. Zhao et al.,
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2018b). Due to overlapping of several XRD peaks of iron carbide, measuring the size of

crystallites using Debye-Scherrer equation can be underestimated (Peron et al., 2021).

Table 6.2: Average particle size of iron oxide for the fresh and spent catalysts by XRD.

Fe,0s3 crystallite size (nm)

Catalyst
Fresh Spent
0.5K5M010Fe/CNTs 712+1 34.7£1
Fe2(MoO4)3 A
Calcined catalyst ~——Used catalyst ——CNTs support C o

MoO3 W
K2Mod013 e
FeO .
Fe3os €
Fe203 €

szc *

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2-Theta (degree)

Figure 6.2: XRD pattern of synthesized CNTs with 0.5K5M010Fe/CNTs fresh and spent
catalysts.

Table 6.3 summarized the physicochemical properties of the support and catalyst used in
FTS to produce olefins. The surface area, pore volume and pore diameter of CNTs are 309
m?/g, 1.67 cm®/g and 19.4 nm, respectively. The decrease in surface area and pore diameter of
catalyst indicates occupancy of the pore structure of the support due to the metal loadings.
Figure 6.3 shows the nitrogen adsorption-desorption isotherms and the BJH desorption pore
size distribution plots for both the support (CNTs) and the 0.5K5Mo010Fe/CNTSs catalyst. Based
on the IUPAC classification for materials, all isotherms correspond to type IV pattern with an
Hs-type hysteresis loop, which is typical of mesoporous materials, with a significant volume
increase at higher relative pressure in range of P/Po> 0.8. The slight change observed in the
shape of the catalyst isotherm compared to that of the pristine CNTs support, suggests a
modification in the structure of the carbon support due to metal nanocatalyst incorporation

(Diaz et al., 2014).
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Table 6.3: Physicochemical properties of the CNTs support and bimetallic promoted catalyst.

Fe Mo K BET surface Total pore Pore Metal
Catalyst content content  content area (m2/g)? volume diameter dispersion

(%) (%) (%)* J (cm®/g)° (nm)° (%)
CNTs-Syn - - - 309 1.67 194 -
0.5K5Mo010Fe/CNTs-Syn 9.8 4.8 0.6 103 0.40 14.6 2.43

2 Determined by ICP analysis (error + 0.4%), ® Determined by BET method (error + 3%), ¢ Determined by BJH
method (error + 2.5%), ¢ Determined by CO-chemisorption (error + 1.5%)

According to the results presented in Table 6.3, the total pore volume of
0.5K5M010Fe/CNTs catalyst decreased after the addition of metal. The decrease in pore
volume can be explained by partial pore blockage by metal nanoparticles. The addition of active
metals reduced the surface area of CNTs from 309 to 103 m?%/g. A broad pore size distribution

was observed for all materials, as predicted by BET isotherm analysis.
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Figure 6.3: (a) Nitrogen adsorption-desorption isotherms; (b) Pore size distribution of CNTs
support and 0.5K5Mo010Fe/CNTs fresh catalyst.

The oxidation states of metal species and the functionalized CNTs over calcined and spent
0.5K5Mo010Fe/CNTs catalysts were studied via XPS (Figures 6.4 and 6.5). In spite of weak
intensity of the Fe 2p peak, Fe 2ps2 and Fe 2p12 peaks at 711.5 and 725.1 eV, respectively, can
be detected with a satellite peak around 720.8 eV, which corresponds to Fe>O3 phase (Huang
et al., 2020). Iron carbide (FesC>) was detected in spent catalyst with a broad peak at a binding
energy of 707.05 eV (Figure 6.5(b)) (Gu et al., 2018c). Iron oxide and iron carbide are present
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simultaneously in the spent catalyst which can have an important effect on the light olefin

selectivity.
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Figure 6.4: XPS spectra of 0.5K5M010Fe/CNTs calcined catalyst (a) Full-range scan; (b)
Fe2p core level; (c) C1s core level; (d) Mo3d core level; (e) O1s core level.

The C1s XPS spectra of calcined and spent catalysts can be deconvoluted into a variety of

components. The peaks at ~ 284 eV and 284.8 eV can be assigned to contributions from the

sp?-hybridized graphitic surface carbon and defects in the graphitic framework (Oschatz et al.,

2017). Interestingly, the peak at ~ 281 eV in the spent catalyst is classified as the metal carbide,

indicating the primary intermediate product in the formation of carbon deposition (Zhou et al.,

2019). The intensity of molybdenum carbide peaks in spent catalyst obviously increased,

suggesting possible deactivation of catalyst. The Mo 3d spectra in calcined catalyst (Figure 6.4
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(d)) can be mainly deconvoluted into two peaks, Mo 3ds/. (235.6 eV) and Mo 3ds,2 (232.5 eV),
illustrating the existence of Mo*" in MoO, and Mo®* in MoOs (Diao et al., 2022). The XRD
analysis of the calcined catalyst also indicates the presence of MoO3 phases. It is noted that a
small peak at 229.05 eV is due to sulfur contamination, which is declined upon the hydrogen

reduction (Toyoshima et al., 2021).

The XPS spectra of O1s for the calcined and spent catalysts are displayed in Figures 6.4 (e)
and 6.5 (e). The O1s XPS spectra of the calcined catalyst (Figure 6.4(e)) contribute into two
peaks at 532 and 530 eV, which could originate from O-C or O=C, respectively. It has been
suggested that interaction between the lattice oxygen and the iron atoms leads to easy transfer
of lattice oxygen atoms at low binding energy to the surface of the 0.5K5Mo010Fe/CNTs
catalyst (Qu et al., 2014).
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Figure 6.5: XPS spectra of 0.5K5Mo010Fe/CNTSs spent catalyst (a) Full-range scan; (b)
Fe2p core level; (c) C1s core level; (d) Mo3d core level; (e) O1s core level.

To gain insight into the interaction of supported metal oxide catalysts in heterogeneous

catalytic systems, it is important to understand the molecular structure of the surface metal

oxide. XANES measurement provides significant information regarding the molecular

structure of metal oxide species on the surface of support materials. Owing to the metal

interaction, XANES provides information about the symmetry around the molybdenum atom

regarding the electronic state of the X-ray absorbing atom and its surroundings at the Mo L3-

edge (absorption energy ~ 2500 eV) (Boahene et al., 2022).
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In the Fe K-edge XANES spectra of the calcined bimetallic promoted iron catalysts (Figure
6.6), the edge energy resembles the Fe;Os standard (7132 eV), which indicates that Fe>Os is
the dominant species after calcination. An electronic transition from 1s to 4p is responsible for
the intense peak at ~7132 eV which is a characteristic of a-Fe»>Os, indicating a higher oxidation
state and is consistent with the XPS results (Cao et al., 2013). The XRD pattern of the calcined
catalyst confirmed this result (Figure 6.2). From the Fe K-edge of the calcined
0.5K5M010Fe/CNTs, peaks at ~7113 eV, ~7131 eV, and 7137 eV are similar to those of the
reference Fe2(MoOs)3 which is also confirmed by the XRD result (Stehle et al., 2021). After
the FTS reaction for 24 h, the absorption edge of the spent catalyst shifts toward lower energy
(7130 eV), indicating a reduction of oxidation state of Fe,Os. Differences between Fe foil
structure and FeKMo/CNTs catalysts are due to the structural disorder of highly dispersed iron
species (Sadykov et al., 2021). There is a similarity between the Fe foil and the Fe K-edge for
spent catalysts, which indicates the reduction of Fe (Badoga et al., 2020).

Moreover, most peaks of spent iron-based catalysts were in conformity with Fe3Os,
indicating both Fe (1) and Fe (111) phases existed in spent catalysts. Compared to Fe (IlI), Fe
(1) has fewer electrons in its 3d atomic orbital, and the pre-edge peak corresponds to a
transition of 1s—3d orbitals. Thus, the low intensity of the pre-edge peak of
0.5K5M010Fe/CNTs spent catalyst indicates that the number of electrons of
0.5K5M010Fe/CNTs spent catalyst in atomic orbital 3d is less than that of FesO4. As a result,
the amount of FesOs in 0.5K5Mo010Fe/CNTs spent catalyst decreased with more Fe(ll)
compared with Fe(l11) (Lai et al., 2021).
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Figure 6.6: Fe K-edge XANES spectra for 0.5K5M010Fe/CNTs calcined and spent
catalysts by means of fluorescence yield (FY).

Figure 6.7 illustrates the R-space EXAFS results for the Fe K-edge of calcined and spent
catalysts. Calcined catalyst exhibits five distinct scattering peaks (1.54, 2.69, 3.10, 3.52, and
3.94 A), which correspond to a-Fe;Os or y-Fe;03. The peak at 1.54 A represents the Fe-O
bonding, whereas the peak at 2.69 A corresponds to the Fe-Fe bond. The bond distance of the
Fe-O is shorter than the corresponding bond length in the Fe-Fe, which suggests that the iron
oxide particles are smaller (Feng et al., 2020). Together with the XRD pattern, this result
indicates that the calcined catalyst has been highly dispersed. As for the 0.5K5M010Fe/CNTSs
spent catalyst, the contributions from 1.59 and 2.80 A are due to unreduced iron oxide.
Nevertheless, the shape and broadening of the peak at 1.59 A suggests that different iron oxide

and iron carbide species coexist, as both Fe-C and Fe-O bonds are relevant to this peak.

It is worth noting that, due to the reduction degree and the content of iron carbides,
differences in other peaks have been observed for the spent catalyst which can be identified by
the XRD analysis (Chang et al., 2018a). From Figure 6.7, the first sharp peak indicates Fe-Fe
for Fe foil and Fe-O for the fresh catalyst. The spent catalyst exhibited both peaks observed for
Fe foil and Fe-O (Ma et al., 2019).
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Figure 6.7: Fe K-edge EXAFS spectra in R-space for 0.5K5Mo10Fe/CNTs calcined and
spent catalysts by means of fluorescence yield (FY).

0 1

To confirm the interaction between Mo and Fe, Mo L-edge XANES spectra of both calcined
and spent 0.5K5Mo010Fe/CNTs catalysts were recorded (Figure 6.8). The low amount of Mo
loading together with incorporation inside CNTs structure leads to disappearance of MosC in
Mo L3-absorption edge EXAFS spectra in R space. Given the valence state of the molybdenum
and its electron configuration, the peak near 1.6 A can be attributed to the chemical interaction
between the molybdenum carbide and iron nanoparticles supported on CNTs in the form of
Mo-O (K. Zhang et al., 2015).
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Figure 6.8: Mo L3-absorption edge EXAFS spectra in R-space for 0.5K5M010Fe/CNTSs
calcined and spent catalysts by means of fluorescence yield (FY).

Iron, molybdenum, and potassium impregnation on CNTs support was qualitatively
confirmed through the SEM-EDS and elemental mapping images (Figure 6.9 (a,b)). Figure 6.9
(c,d) shows TEM images of the fresh bimetallic promoted iron catalysts. It is evident that some
of the iron oxide particles were effectively dispersed and immobilized on the CNTSs support,
which could be the result of the CNTs having a high surface area (X. Zhou et al., 2015).
However, the clusters above 200 nm can be observed in the fresh promoted catalyst (Figure 6.9
(e)). Mo, K, and Fe were homogenously distributed in the calcined catalyst, as shown in the

elemental mapping (Figure 6.9 (b)).

The particle size distribution histograms of iron active sites in the calcined and spent states
are shown in Figure 6.9 (e,f). The average Fe active site particle size of the calcined and spent
promoted catalysts were 65.1 nm and 32.5 nm, respectively. Regarding Table 6.3 the metal
dispersion for the fresh promoted iron catalyst was measured at 2.43%. The iron crystallite size
obtained by Debye-Scherrer equation (Table 6.2) for the calcined and spent catalyst were 71.2
nm and 34.7 nm, confirming the TEM histograms of the iron active sites. Comparison of the
iron particle sizes in the fresh and spent promoted catalysts reveals that CNTs anchoring sites
immobilized the iron particles preventing them from excessive sintering upon reaction (Chew
etal., 2016).
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Figure 6.9: (a,b) SEM and elemental mapping of the calcined catalyst; (c,d) TEM images
of the calcined catalyst; (e,f) TEM images of the calcined and spent catalyst
(0.5K5M010Fe/CNTSs) with particle size distribution (PSD). PSDs of the catalysts (red boxes)
were fitted by a sum of Gaussian functions (black line).
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6.3.2 Comprehensive kinetic study

Mass transfer limitation

To study the intrinsic kinetics of FTS, the data must be calculated in the absence of mass
transfer restrictions due to their effect on the overall reaction rate. Therefore, they must be
ascertained and eliminated before the development of the kinetics study (Eshraghi et al., 2020).
Prior to kinetic study, the effects of pore and film mass-transfer resistances were evaluated and
eliminated by changing process conditions. To control the external transport resistances, the
syngas flow rate was changed with a corresponding change in the catalyst loading, so that a
constant GHSV was achieved. Since the resultant CO conversion corresponding to the same
GHSYV at different flow rates are almost the same (Figure 6.10), it can be concluded that over
the range of interested operating conditions, the film resistance is not significant.
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Figure 6.10: CO conversion as a function of the syngas flow rate at T = 280 C, P = 4.1 MPa,
and GHSV = 2000 h.

To investigate the internal diffusion resistance, 1.5 g of the bimetallic promoted catalyst
with different sizes, 0.2, 0.4, 0.6, 0.8, and 1.5 mm, was loaded under same operating conditions
(Eshraghi et al., 2020). As depicted in Figure 6.11, no pore diffusion was evident for particle
size lower than 0.6 mm. Therefore, 0.6 mm was selected as the catalyst particle size for kinetic
study. Hence, under the operating conditions used, the internal and external mass-transfer
limitations were not significant. Additionally, Eshraghi et al. (Eshraghi et al., 2020)
investigated the effects of Fe-based catalyst particle size on the diffusion limitation by

measuring the Thiele modulus (¢) and effectiveness factor (1). It was suggested that for particle
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size below 0.7 mm, the diffusion limitation was negligible due to ¢ < 0.4 and n = 0.99.
Moreover, gas-solid interphase heat resistance was not considered due to sufficiently small

reactor diameter (Hazemann et al., 2020).
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Figure 6.11: CO conversion as a function particle size at T = 280 'C, P = 4.1 MPa, and
GHSV = 2000 h.

Kinetic study

To demonstrate the mechanism and rate of reaction, the kinetics of the FTS reaction was
investigated by derivation of the rate equation based on mechanistic assumptions. The CO
consumption rate depends on CO, Hz and/or H2O gas phase concentrations. FTS is a surface
polymerization reaction involving reaction between the reagents (CO and Hy), which occurs on
the surface of the catalyst. In the first step, reagents form an initiator followed by the formation
of FTS products via polymerization condition. Considering three main steps including
initiation, propagation, and chain termination, three mechanisms of carbide formation, CO
insertion and hydroxycarbene mechanisms are suggested as the main polymerization schemes
(Mahmoudi et al., 2017). It is necessary to describe the reaction mechanism to obtain kinetic
models. Based on the LHHW and ER adsorption theories, monomer formation for the FT
reaction mechanistic schemes have been outlined. Table 6.4 shows 22 different mechanisms

based on elementary reactions for FTS.
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Table 6.4: Different mechanisms of monomer formation via elementary reactions for FTS.

Model No Elementary reactions

2 Hy, + 2" & 2H"

FT-1l 1 H, +*o Hj

3 CHOH" + H, & CH;OH"

FT-1I 1 H, ++o Hj

3 CH;OH" & CH} + H,0

2 CO+H" & COH™

4 CH,OH" + H* & CH,0H" +x

FT-V 1 H, + 2" & 2H"

3 CHOH" + H, & CH;OH"

FT-VI 1 H, + 2" & 2H"

3 CH,OH* & CHj + H,0

2 CO* + H, & CHOH"

FT-VII 1 CO +xo CO”

3 CH;0H* & CH} + H,0

2 H, +*xo H;

4 CH,0" + H} & CH,0H" +*
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FT-X 1 CO +x CO°

3 CO* + H" & CHO™ ++*

5 CHOH" + H* & CH,OH" +*

7 CH,0OH" & CH} + H,0

2 Hy, + 2" & 2H"

FT-XII 1 CO +* CO*

3 CO* + 4H* & CHy0H" ++

FT-XII 1 CO +* CO”

3 C*+ 0" +H, & CH; + 0"

5 CH;0H® & CH} + H,0

2 CO* ++o C* + 0*

4 CH,OH" & CH} + H,0

2 C* +H, & CHj +x

2 Hy +*xo H;

4 CH} + 0" + H} & CH;OH" + 2°

FT-XVII 1 CO+2"C" +0

3 C*+ Hj o CHj +x

2 H, +2° & 2H"
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C*+0"+H o CH}0 +2°

CH;0 + 2H" & CH;0H"

CH;0H® & CH} + H,0

FT-XIX

CO+2"C+0"

H, + 2" & 2H*

C*"+H" o CH" ++*

CH* + H" o CH;

FT-XX

CO+2" C"+07

H, +2° & 2H"

C*+0"+2H" & CH; + 0" ++

CH; + 0" + 2H® & CH,0H" + 2°

CH;OH* & CH} + H,0

FT-XXI

CO+2" o C +0°

H, + 2" & 2H"

C* + 2H" & CH; ++

FT-XXII

CO+2"e C"+07

H, + 2" o 2H"

C*"+0"+4H" & CH;0H" + 2*

Al W N P WP R W NP BRI W DN o bW

CH,0H* & CHj + H,0

To achieve the rate equation for CO consumption, one step was chosen as the rate

determining step (RDS) and other steps were assumed to remain at equilibrium. FT-1 model is

based on the Langmuir-Hinshelwood-Hougen-Watson (LHHW) model and carbide

mechanism. In this model, the reaction between carbon and hydrogen atoms adsorbing on the

catalyst surface is considered as the RDS. Following is a definition of the rate equation:

C* + 4H* & CH} + 2H*

—Ieo, =k.0..6;

O .Op = by P .C2

b _ kads,CO
cO —

kdes,CO

6. =0 = (bco-Pco )0'5 o
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wherein bco corresponds to the equilibrium constant of CO adsorption.

kads,HZ

H, +2* © 2H* (6-17)
kdes,Hz

kads|H2 'PHz C\f - kdes,H2 el?l =0 (6'18)
k

bH2 _ _ads,H, (6-19)
kdes,H2

O, = (bH2 F)H2 )0.5 C (6'20)

where b2 corresponds to the equilibrium constant of H, adsorption. In the case of a fixed total

number of sites, the concentration of unoccupied active sites (Cv) is calculated based on the

site balance:
C, =1->8 (6-21)
i=1

Accordingly, @i is considered the fraction of adsorption sites occupied by adsorbed species.
The assumption is generally made that the oxygen, hydrogen, and carbon species occupy a
significant proportion of all sites:

C, +6.+0,+6, =1 (6-22)

The fraction of free active sites is calculated by substituting Egs. (6-16) and (6-18) into Eq.
(6-22):

C, =1—(6.+ 6, +6,) =1—[2(bCOPCO )*°Cy +(by,Pa, )" CV] (6-23)

1

- (6-24)
[1+2(beoPeo )™ + (BuzPaz)° |

Thus, by substituting Eq. (6-24) in Egs. (6-16) and (6-18) it can be concluded that the values
of &c, o, and Oy are:

05
6. =6, = (PoPeo) (6-25)
c = bo 05 05
|:1+2(bcopco) +(bH2PH2) ]
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0. = (bH 2Pz )0.5 (6-26)
| 1+2(beoPeo)™ + (bzPaz ) |

After substituting fc, o, and 64 (Egs. (6-25) and (6-26)) into the rate equation (Eq. (6-13)),

the final form of the rate equation is obtained as follows:

k(B Pe) By R)’
%0 = 1+ 2(beo -Pag) - (Brrp -Prz) )°

(6-27)

where P2 and Pco are the partial pressures of H2 and CO with assumptions based on ideal gas.
The rate equations for the other mechanisms in Table 6.4 were also calculated using the same
approach (Table 6.5).

Table 6.5: CO consumption rate equations for different mechanisms.

Model Rate equation Equation
FT-I = kp(bcoPc:o)o"r’(szsz)2 (6-27)
RDS3 1+ 2(beoPeo)”® + (B4,P,)°°)°
FT-1i r = kacoszsz
RDS2 ©= 1 p P +b,,P., (6-28)

e _ Kiio042Ph 2

© " 1+b,,P

RDS1 H2 H2 (6-29)
FT-111 k P..(P,.b.,)?

I = p co( H2 H22) (6-30)
RDS?2 @+by,,Ps,)
FT-IV _ kaCO (bHZPHZ)O.S
RDS2 —leo = 1+ (b P.,)°° (6-31)

H2" H2
L KioPu, Py
oo = s (b,P.)75)?

RDS1 ( +( H2 Hz) ) (6-32)
FT-V k P.ob,,P

o =7 e l;fs 2 (6-33)
RDS2 L+ (0,,P,)™)
FT-VI k P..(b,,P,,)?

I = p co( H2 H025)4 (6-34)
RDS2 L+ (b, ,Py2)™)
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e _ KsbeoPeoPriz

oo = 6-37
RDS2 “ 1+beoFeo (©-37)

FT-X .. = kpbco PCO (bHZPH 2)0.5
0 Lo Peo +(By,P42)*%) (642)

RDS3

_rCO — kCObCO PCO .

5 i
RDS1 1+beoPeo + (B ,Py) (6-43)
k,,b,,P

—.. = H2YH2 H2 (6-44)
RDS2 “ (1+beo Peg + (b, P,) ™)
RDS1,2 = KeoPeo Peo + KuaPha By L+ 0o P + (B, Py 2)0'5) (6-45)

(1+beoPeg + (044, 2) %)

FT-X11 . kpbco P (b,,P, 2)2
RDS3 co — (L+ b Py +(b,,,P, 2)0.5)5

(6-47)
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kprO Peo Psz

FT-XIV -, = 6-50
CO (1+ Z(bco PCO )0.5)2 ( )
FT-XV . kp Pa2(0coPeo )0'5 (6-51)
RDS2 ©C 1+ 2(beoPeo )%
- o KoPeoPy2Peo P
“Ds3 @+ 2(b50Peo)*® +byi,Py )’ (6-52)
o= KeoPeoPeo
co . -
RDS1 (L1+2(beoPoo)”” + (By12Py2))* )
I, = kH ZbHZPHZ (6-54)
RDS2 1+2(beoPg)*® +b,,,Ps,
RDS1,2 =T = KeoPeo Peo + Kb s Pro M+ 2(0c0 Peo )% + by ,Pas (6-55)
(L+2(beo Peo )0'5 +by,P, )2
FT-XVII = KoBuoRip (BcoPeo )" (6-56)
RDS3 AR R )
FT-XVIII o Kobeo Poo (B415P,)™° (6-57)
RDS3 o 1+ 2(b., PCO)O'S + (szF)Hz)OIS)3
FT-XIX o Gl ) 8 F)™ (6-58)
RDS3 co (1+ Z(bco PCO)O.S + (bHZPHZ)O.S)2
FT-XX ~ Kobeo Feo (B42F42)
—leo = 05 054 (6-59)
RDS3 (1+2(beoPeo)™ + (B,P4)™)
FT-XXI ., = K, BeoPeo) "BuaPhe
< L+ 2(beoPeo )0'5 +(0y,,P4, )0'5)3 (6-60)
RDS3
r, = KeoPeoPeo
RDS1 (1+ 2(bco I:)co)o'5 + (bHZPH 2)0'5)2 el
o= kH sz ALY (6-62)
co _ ]
RDS2 @+ 2(bcoPco)05 +(bH2PH2)05)2
ST ro= KooPooPeo + K2tz Pz (6-63)
, co . )
L+ 2(bcopco)05 + (bHZPH2)05)2
FT-XXII ro— kprO Peo (bHZPH2)2
~leo = 05 0516 (6-64)
RDS3 @+ 2(bcopco) +(04,P) ™)
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In addition, kinetic (kp) and adsorption (bco and bnz) constants were determined using the
Arrhenius (Eq. 6-65) and Van’t Hoff (Eq. 6-66) laws, respectively.

-E
Ko (1) = Koy XP(=) (6-65)

~AH,
RT

b, (T) =b,; exp(——1) (6-66)

Accordingly, the values of partial pressure of the reactants were fitted on the FT-I to FT-
XXII rate equations (Egs. 6-27 to 6-64) to estimate their kinetic parameters. Applying multi-
variable nonlinear regression, each of the rate equations (Eqgs. 6-27 to 6-64) together with
Arrhenius (Eg. 6-65) and Van’t Hoff (Eq. 6-66) equations were solved, and models’ parameters
were calculated. A kinetic model must obey physicochemical laws. Therefore, the parameters
of the derived kinetic model must follow physicochemical limitations (ko,i, bo,i, Ei > 0 and 4H;
<0) (Todic et al., 2013).

Statistical criteria such as R?, RMSD, ¢, and MARR were used to evaluate the precision of
the kinetic models using Eqgs. 6-8 to 6-11. The total number of experiments is given by Nexp.
FT-1 model based on the Langmuir-Hinshelwood-Hougen-Watson (LHHW) model and carbide
mechanism obtained the best match with the experimental data compared to other mechanisms.
As seen from Table 6.6, the value of R? for FT-1 is close to unity while the RMSD value is
negligible which is acceptable. Figures 6.12 and 6.13 show a comparison between the
mechanistic (Eq. 6-27) and experimental (Eg. 6-3) CO consumption rates obtained by 15

different experimental conditions (Table 6.1) for kinetic study.

135



0.0016

O Experimental rate

0.0014 ——Mechanistic rate

0.0012 |
0.001 |
0.0008 |

0.0006 |

I' co (mol/great.min)

0.0004 |

0.0002 |

0 5 10 15
Run Number

Figure 6.12: Comparison of the experimental and mechanistic CO consumption rates over
0.5K5M010Fe/CNTSs catalyst in FTS.
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Figure 6.13: The mechanistic CO consumption rates versus experimental CO consumption
rates using 0.5K5Mo010Fe/CNTs catalyst in FTS.

The results for experimental CO consumption rate fitted well with FT-1 mechanistic model
(Eq. 6-27) with MARR <16%. From Table 6.6, the FT-1 model had an activation energy of 65.0
kJ/mol for the FT catalytic process. The corresponding activation energies for various catalysts
in FTS have been reported in the range of 30 to 132 kJ/mol (Sarkari et al., 2014). Since the
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physicochemical properties of the catalyst influence the adsorption of species in the reaction,
the preparation method of the catalyst impacts the kinetic parameters using the LHHW Kinetic
models (Nikparsa et al., 2015). The value of activation energy demonstrates that the FT
reactions are not limited by intraparticle diffusion resistances. In general, the mass diffusion
limitations play a dominant role in enhancement of hydrocarbon selectivity through gas hourly
space velocity (Sari et al., 2009). Carbon monoxide has a higher adsorption enthalpy than
hydrogen because it adsorbs at the catalyst surface more strongly (Botes and Breman, 2006).
Adsorption enthalpies for CO and H2 ranged from -50 to -200 kJ/mol and -10 to -100 J/mol,
respectively (Vannice, 1975). Table 6.7 summarized Kinetic results of some studies compared
with the present work. The results confirmed that the activation energy was close to those found

in the literature.

Table 6.6: Kinetic parameters and their values for the FT-1 kinetic model.

Parameter Value Dimension
ko 4.61E+09 mol/min.g
Ea 65.00 kJ/mol
AHy, -13.00 kd/mol
AHy -54.00 kJ/mol
b, 1.72E-04 mol/min.g
bg co 491 mol/min.g
R? 9.53E-01 -

RMSD 1.68E-16

MARR (%) 1.53E+01 -

o 7.53 E-04

SSR 5.02E-08 -
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Table 6.7: Summary of several FTS Kinetic studies on Fe catalysts compared with this study.

Catalyst Operating conditions Kinetic equation Kinetic parameters  Reference
e T=240-270 °C, P= 0.1-1.2 MPa, reg = _krTPooPi E.=59.8 kJ/mol e
GHSV=4200-7000 h* PeotknzoPHz0 MARR= 19.39%  al., 2014)
Fe-CU/SiO, T=230-270 °C, P= 2 MPa, oo APcopl* E.= 83.0 kdJ/mol (Sun etal.,
GHSV= 6000 h (1+BPco)? MARR= 28.0% 2017h)
K/Fe-Cu-Mn-  T=230-250 'C, P=0.2-1 MPa, . = koxp (= E)Pmipni E.=52.0 kd/mol (Park et
Al20s GHSV=3000 h! | IR e MARR= 25.0% al., 2014)
= ° = kPcoP, —
Fo-Co T=200-280 C, P=1-3 MPa, Top = cot'n2 i E.= 94.8 kJ/mol (Sonal et
GHSV=1800-6600 h** Pu2o(1 + aPy + bPZ)3 MARR=35.63% @l 2017)
Fe-Ni/Al,O3 T=220-270C, P= 0.1-1.2 MPa, =4 Pi5 Peo Ea=103.8 ki/mol  (sarkari et
GHSV=2100-7200 h! €O (1 + keoPeo + kizoPuzo)? MARR= 13.26%  al., 2012)

Fe-Co- T=290-320 °C, P=0.1-1 MPa, kbeoPeoPus Ea=82.5 k/mol (frfalanfar
—Tco =—7T— etal.,
Mn/MgO GHSV= 4500 h €07 1 4+ beoPeo MARR=44.79%  2012)
T=270-290 °C, P= 0.7-4.1 MPa, Koo (B P )OS (Bury Py )2 Ea= 65.0 kd/mol
KMOoFe/CNTs p- (boFeo) " (bizPiz) : This study

S
GHSV= 2000 ht €7 (1 + 2(bgo- Peo)°S. (ba- Puz)%)®  MARR= 15.3%

6.3.3 Effects of temperature and pressure on selectivity

The process variables such as reaction temperature and pressure were investigated to
determine the kinetics and selectivity of 0.5K5M010Fe/CNT nanocatalyst. Temperature is a
critical process variable that significantly affects the kinetics and selectivity of FTS reaction.
Under the same experimental conditions of H. /CO = 1, P = 4.1 MPa, and GHSV = 2000 h*,
the effects of reaction temperature on the performance of the 0.5K5Mo010Fe/CNTs nanocatalyst
were investigated (Figure 6.14). Considering FTS reactions being highly exothermic, a
temperature increase can be detrimental for chain growth initiation and heavy hydrocarbon
production (Bukur et al., 1997). In contrast, CO conversion deeply depends on reaction
temperature, and increases with higher FTS temperatures, since lower temperatures may not
provide enough energy for the catalyst to be activated for CO dissociation (De La Osa et al.,
2011). It was reported that due to chain growth probability, olefins’ content increases with
increasing reaction temperature (Todic et al., 2016). Furthermore, owing to chain propagation,

the increased reaction temperature facilitated the methane termination reaction as an
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unfavorable by-products (Sun et al., 2017b). During the FTS reaction, total pressure plays an

important role in hydrocarbon selectivity.

As shown in Figure 6.15, the effects of the total reaction pressure on the performance of the
0.5K5Mo010Fe/CNTs nanocatalyst for CO hydrogenation were investigated under the same
operating conditions (Hz/ CO = 1, GHSV = 2000 h and T = 280 "C). For iron catalysts, the
methane selectivity is more affected by water-gas-shift activity and potassium promotion (Yang
et al., 2014). Increasing the pressure and GHSV together leads to a decrease in methane
selectivity while increasing Cs+ selectivity (Riyahin et al., 2016). In Figure 6.15, as pressure
increased the GHSV was constant (2000 h1). The selectivity of methane increased with an
increase in pressure between 1.7 MPa and 3.7 MPa and then decreased. In our previous
research, it was also found that in the presence of 0.5K5Mo010Fe/CNTs catalyst the methane
selectivity decreased significantly compared with the unpromoted 10Fe/CNTSs catalyst at the
same operating conditions (P = 3.5 MPa and GHSV = 2000 h't) (Yahyazadeh et al., 2022b). It
was found that the promoters play a key role in the design of FTO catalysts and the decrease in
methane selectivity was related to promoter effect (Galvis et al., 2013). CO and H. adsorption
on the active sites increased by increasing pressure, which results in an increase in CO
conversion due to increased extraction of the heavy hydrocarbons from the pores of the catalyst
owing to the liquid-like density of the supercritical CO (Abbaslou et al., 2009a). Several steps
are involved in the FTS reaction including series and parallel reactions, with each having a
different activation energy. Each of these reactions can be affected by pressure or temperature
based on the rate equation and the activation energy in the various steps of the reactions.

Accordingly, temperature and pressure have different effects on selectivity.
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Figure 6.15: Effects of FTS pressure on selectivity of hydrocarbons at T = 280 "C and H2/CO =1

6.3.4 Comparison of Anderson-Schulz-Flory distribution with the mechanistic model
The developed kinetic model (Eq. 6-27) was compared with Anderson-Schulz-Flory (ASF)
model. ASF is an established model for defining FT product distribution assumes a constant

parameter known as 'chain growth probability' (o), which is a ratio between propagation and
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termination. ASF model proposes the following relationship for the distribution of products
during FT:

In(\%) = n(lna) + ¢ (6-67)

where W, refers the mass fraction of hydrocarbons with n carbon atoms and c is a constant
(Tavakoli et al., 2008). Experimentally, « value is determined by the slope of the line "In(Wn/n)
versus n", which corresponds to "/n(a)". Accordingly, In(Wx/n) was plotted versus n for the
developed mechanistic model. A chain growth probability of 0.76 was found to be associated
with the slope of this plot.

As seen in Figure 6.16, FTS product distribution over bimetallic promoted iron catalyst
exhibited a good agreement with the ASF model (R? =0.95). To determine the deviations from
ASF model, the W, values obtained by the mechanistic model were compared to those of the
ASF model with a & = 0.76. Figure 6.16 illustrates the deviation from ASF especially at higher
carbon numbers. The deviation of the product distribution from the standard ASF plot
suggested the possible presence of different chain initiation active sites (Vo et al., 2013).
Additionally, re-adsorption of olefins causes a deviation from the ASF chain growth model.
The longer the hydrocarbon chain on the Fischer-Tropsch catalyst sites, the more difficult is
their diffusion through the catalyst pores, thus the possibility of re-adsorption increases
(Simonetti et al., 2007). Secondary re-adsorption and reinsertion of 1-olefins in chain growth
will change the chain growth probability, resulting in higher hydrocarbons or paraffins and a
deviation from the typical ASF distribution. It will also reverse the original 3-dehydrogenation
process, decreasing the selectivity to light products and increasing a value (Bhatelia et al.,
2014). Therefore, there might be alternative formation routes for heavier hydrocarbons in

addition to or instead of the chain growth model.

Fe-based catalysts exhibit a lower activity for secondary reactions of olefins which negate
the olefin readsorption of these catalysts for non-ASF distribution, thus suggesting an
alternative theory based on chain length-dependent desorption of olefins. Similar ideas on the
adsorptivity of higher hydrocarbon with increased chain length can be found in the literature
(Todic et al., 2014). The non-ASF product distribution may be due to the appearance of an

additional polymerization site on the catalyst surface located in the promoted iron-based
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catalysts (Vo et al., 2013). According to a kinetic study by Todic et al. (Todic et al., 2017), the
non-ASF change observed in « value with the carbon number was found to be justified by chain
growth-dependent 1-olefin desorption concept. Furthermore, considering the secondary
hydrogenation of 1-olefin to n-paraffin would change the slope of the n-paraffin formation rate
versus carbon number, increasing the deviation from a ASF-type slope in Cs: range (Todic et
al., 2017). The increase in ethane is due to secondary hydrogenation reactions (Van Der Laan
and Beenackers, 1999). It was assumed that this phenomenon may have affected the model.
However, the absence of any term that represents these effects in the developed model
influenced their molar flow rates in such a way as to cause a deviation from the ASF model
(Turan et al., 2022).

The deviation from ASF product distribution can be assigned to dissolution in liquid film on
the catalyst surface and within the catalyst pores increasing the readsorption probability of
alkenes and the resulting secondary reactions including hydrogenation, reinsertion,
hydrogenolysis, and isomerization. Additionally, the readsorption of alkenes is carbon number-
dependent and the following secondary reaction changes the FTS product distributions for
heavier hydrocarbons (Qian et al., 2011). The deviation from ASF model could also be due to
WGS reaction. Over iron-based catalysts, the FTS and WGS reactions occur on different active
sites, whereas the rate of these reactions are influenced by the gas phase (Nakhaei Pour et al.,
2013).

142



—Wn-ASF model

O Wn-Mechanistic model

Mass fraction of hydrocarbon (Wn)
(Y]

0 2 4 6 8 10 12 14 16 18 20
Number of carbon (n)

Figure 6.16: Comparison between the mechanistic model and ASF model (o= 0.76) at
T=280'C, P = 4.1 MPaand H2/CO = 1.

6.4 Conclusions

FTS kinetics was investigated in a fixed-bed reactor using 0.5K5Mo010Fe/CNTSs catalyst
under a wide range of pressure (0.7-4.1 MPa) and temperature (270-290 "C), with molar ratio
of H2/CO of 1 and GHSV of 2000 h*t. XRD, SEM, EDS, XPS, and XAS techniques were used
to characterize the bimetallic promoted nanocatalyst (0.5K5Mo10Fe/CNTSs). A total of twenty-
two mechanisms describing the adsorption characteristics of carbon monoxide and hydrogen
using the LHWW and ER adsorption theories were solved together with Arrhenius and Van’t
Hoff equations. Applying a non-linear regression (LM algorithm) and statistical criteria
including R?, RMSD, and MARR tests, the optimal kinetic model for the FTS reaction over
0.5K5M010Fe/CNTs was achieved. FT-1 mechanism provided the best match with
experimental FTS data. From FT-1 mechanism, carbon monoxide and hydrogen dissociatively
adsorbed on the catalyst surface, and the reaction between adsorbed species was considered as

the rate determining step.

Accordingly, kKinetic parameters such as activation energy, CO adsorption enthalpy, and H>
adsorption enthalpy were determined to be 65.0, -54.0, and -13.0 kJ/mol, respectively. In this
case, the activation energy indicated a low mass transfer resistance in the catalyst and a lack of
any diffusion limitations during FT reactions. Finally, the ASF model was compared with the
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mechanistic kinetic model. The deviations observed especially at higher carbon numbers were
attributed to the existence of additional reaction pathways including secondary re-adsorption

of olefins and effects of WGS reaction.

The two-stages optimization of CNTs characteristics and light olefins production over KMo-
promoted Fe/CNTs catalysts together with Kkinetics of the FT to light olefins (FTO) were
studied. The next phase is dedicated to technoeconomic analysis (TEA) and life cycle
assessment (LCA) of the FT to light olefins process using the most active catalyst
(0.5K5M010Fe/CNTSs).
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CHAPTER 7: Fischer-Tropsch to Light Olefins over Bimetallic Promoted

Fe/CNTs Nanocatalyst: Techno-Economic and Life-Cycle Assessment

The content of this section will be submitted for journal publication.
Contribution of the PhD candidate:

Experiments were designed in consultation with Dr. Philip Boahene, (Postdoc member of
the group) under the supervision of Dr. Ajay K. Dalai and Dr. Lifeng Zhang and executed by
Arash Yahyazadeh. Aspen plus simulation and OpenLCA were performed by Arash
Yahyazadeh. The manuscript was drafted by Arash Yahyazadeh with guidance, suggestions,
and reviews provided by Dr. Philip Boahene, and Dr. Ajay K. Dalai.

Contribution of this chapter to overall PhD research:

The fourth phase of the research is investigated in this chapter: The life cycle analysis and
techno-economic evaluations employed to determine the environmental impacts associated
during Fischer-Tropsch to olefins and the techno-economic feasibility of the process. This

chapter is the basis of the following chapters.

7.1 Abstract

In this study, techno-economic analysis (TEA) and life cycle assessment (LCA) of light
olefins’ production through Fischer-Tropsch (FT) synthesis were investigated in different
scenarios. Aspen plus simulation and openLCA software were used to study process economics
and green-house gas (GHG) emissions. Experimental data from a fixed-bed reactor via
bimetallic promoted Fe-based nanocatalyst (0.5K5Mo010Fe/CNTSs) were used to simulate a
plant to produce 1 kg of ethylene/h. The economic feasibility of light olefins’ production was
assessed via a detailed cash flow analysis. The net rate of return (NRR) calculated to 5.6%,
7.4%, and 18.2% for the base scenario (scenario 1), scenario 2 with wastewater treatment, and
scenario 3 with wastewater treatment-separation unit, respectively, which means the project is
economically profitable. From scenario 3, the minimum selling price of olefins is estimated to
be 0.85 $/kg, which was about 11% lower than that of scenario 1. The sensitivity analysis
carried out on all scenarios depicted that the operating costs were affected significantly by the
raw materials, operating labor cost, and utilities. Effects of syngas feedstock rate on the

economic performance of the suggested scenarios were evaluated in terms of the modified
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internal rate of return (MIRR) and total capital cost. A facility MIRR of 21.9% was obtained for
scenario 3 and it was strongly influenced by syngas rate. The GHG emissions of scenario 1 was
measured 77.5 g CO2.eq per MJ ethylene confirming a significant drop in GHG emissions
compared to petroleum-based FT fuel production.

7.2 Materials and methods

7.2.1 FT synthesis process

Preparation of the promoted nanocatalyst used in this study (0.5%K5%M010%Fe/CNTS) is
described in section 3.2.4. FTS experiment, product sampling, and composition analyses are
described in sections 3.4 to 3.5. Further, simulation studies were conducted considering syngas
conversion (71.5%), C»>-C4 product selectivity (49.6%), CO2 product selectivity (75.2%), and
methane product selectivity (34.7%) for 0.5K5Mo010Fe/CNTs catalyst (Yahyazadeh et al.,
2022h).

7.2.2 Simulation of the FTO process

The FTO process was simulated using Aspen Plus software (version 12.0, AspenTech
Corp.). Applying Peng-Robinson equation of state together with the Boston-Mathias alpha
function, the thermodynamic calculations were performed. A three-phase separator was
employed for water separation considering the nonrandom two-liquid thermodynamic equation
for liquid-liquid-vapor mixtures. The heat loss and pressure drop in each unit during the FTO
process were assumed negligible. For economic analysis, a steady state condition was
considered. The Fischer-Tropsch process can be simulated using various flowsheets.

According to the guidelines obtained by Ulrich and Vasudevan (Ulrich and Vasudevan,
2004), an ASPEN-Plus flowsheet for the FTO process was developed to produce 1 kg of
ethylene/h (Figures 7.1-7.3). Ulrich and Vasudevan approach was employed to design process
components including reactors, distillation columns, adsorption columns, pumps, decanters,
and compressors. A series of various reactions occurs to produce hydrocarbons through FTS.
The most predominant step of FTS reactions is the monomer formation (-CH>-), initiating the
polymerization reactions thus producing longer oxygenated hydrocarbons, paraffins, and
olefins. Considering Eq.s (7-1) and (7-2), the FTS reactions’ stoichiometry can be derived
(Trippe et al., 2013):
nCO+(2n+1)H, <> C H,,., +nH,O (7-1)
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nCO +2nH, <> C_H,, +nH,O (7-2)

Eqg.s (7-1) and (7-2) show the production of paraffins and olefins through exothermic
reactions from syngas, respectively. The reaction enthalpies have been reported between 160
and 170 kJ/mol (Trippe et al., 2013). The water-gas shift (WGS) reaction is another

predominant reaction for iron catalysts in FTS process.

7.2.3 Techno-economic analysis

TEA of FT process was carried out using Aspen Process Economic Analyzer (APEA) v12.0
on a 2021 US$ pricing basis. The Icarus cost estimator was employed for sizing of the unit
operation followed by mapping to the proper equipment in APEA to find the base equipment
cost and installation cost. The Aspen Icarus Process Evaluator V12 (Bedford, MA, USA) was
applied for equipment sizing as well as economic assessments. Implementing the chemical
engineering plant cost index (CEPCI) of 628.2 for 2017, the cost estimation was carried out for
syngas flow rates of 7000 kg/h resulting in 1 kg/h of ethylene. The fixed capital investment
(FCI) was calculated based on Aspen data and CEPCI including equipment purchase price,
installation, piping, electrical fittings, insulation, civil, overheads, contingencies as well as
escalations. The method used to estimate total and fixed capital investments involved
multiplying the sum of all equipment purchase prices by Lang factor ranging from 3 to 5, to
obtain more accurate estimates (Tzanetis et al., 2017). The Lang factor is related to the type of

process and starts from the costs of the equipment already installed (Gutiérrez Ortiz, 2020).

7.2.4 Life cycle assessment

Converting syngas into light olefins is considered the main function of the FTS plant in this
LCA study. Therefore, 1 kg of ethylene produced at the biogas-to-liquid plant is the functional
unit (FU) (Navas-Anguita et al., 2019b). Figure 7.1 depicts the FTS system boundaries,
demonstrating each unit process in LCA. Applying a “cradle-to-gate” method, conversion of
syngas to light olefins was covered, while all steps of the life cycle after the factory gate are
neglected (Artz et al., 2018).

LCA represents a systematic method of assessing a process by considering the material and
energy inputs for obtaining a product throughout its life cycle. The purpose of this analysis is
to determine the areas contributing the majority of GHG emissions and to provide options to

reduce emissions compared to conventional production methods using petroleum resources.
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The LCA using cradle-to-grave approach requires system boundaries. Due to the limited
amount of data, LCA provides policy makers with an opportunity to consider alternative

scenarios that can be most beneficial for the environment (Tzanetis et al., 2017).
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Figure 7.1: Simplified block diagram of the FT system to produce light olefins (dotted boxes
indicate scenarios).

Any environmental impacts related to the input and output of the proposed FTO plant, and
its upgrading was considered as potential environmental impacts (PEI). The life cycle analysis
covered the potential environmental impacts such as acidification (AP), global warming
(GWP), ozone layer depletion (ODP), cumulative non-renewable energy demand (CEDxy), and
eutrophication (EP). CEDyy of fossil and nuclear was evaluated according to association of
German engineers (VDI) guidelines while GWP was measured based on Intergovernmental
Panel on Climate Change (IPCC). Other environmental impact categories were quantified
based on the CML (Center of Environmental Science of Leiden University) methodology.
These methods and categories are among the environmental profile of bioenergy systems
(Navas-Anguita et al., 2019a). OpenLCA 1.11.0 software according to the CML 2015 impact
assessment method with Ecoinvent 371 database was used for light olefins production using
FTS. Resource consumptions and different emissions connected with environmental impact
indicators were considered to estimate the life cycle impact categories. The functional unit
assumed for performing life cycle impact assessment (LCIA) was considered 1 kg of ethylene
production under different scenarios. According to the tool for reduction and assessment of
chemicals and other environmental impacts (TRACI 2.1, v1.04) midpoint method presented in

Table 7.1, LCIA categories and impact area were obtained.
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Table 7.1: Midpoint method impact categories computed in the LCA.

Impact category Abbreviation Unit Level of impact
Ozone depletion potential ODP Kg CFC-11-eq Global

Global warming potential GWP Kg COz-eq Global

Acidification potential AP Kg SOz-eq Reginal or National
Eutrophication potential EP Kg N-eq Reginal or National
Carcinogenic potential CP CTUh National
Non-carcinogenic potential NCP CTUh National

Respiratory effects RE Kg PM2.5-eq Regional or National
Ecotoxicity potential ETP CTUe National

Fossil fuel depletion FFD MJ surplus Global

7.2.5 Sensitivity analysis

Plant economics is affected by factors including production capacity, capital cost, minimum
selling price as well as feedstock cost. Applying a sensitivity analysis can be beneficial to
determine the effects of factors’ variation on plant economics. Accordingly, syngas flow rate
changed between 2000 kg/h and 10000 kg/h to evaluate its effects on capital cost and other
economic indicators for each scenario. The following factors were evaluated: raw materials,
utilities, overhead, maintenance cost, operating charges, and operating labor cost. Canada’s
ecoOENERGY for Biofuels Plant which presents different operating incentives, allowed an
average internal rate of return (IRR) of 20% (L. et al., 2018). Therefore, the sensitivity analysis
of net present value (NPV) was performed considering an upper limit of 20% for operating

scales.

7.2.6 Analysis of different scenarios

Scenarios 1-3 were analyzed to provide an in-depth study of the environmental effects
associated with light olefins production via FTS. The scenarios were considered (1) FTS
without wastewater treatment and separation units (scenario 1, Figure 7.2), (2) FTS with
wastewater treatment unit (scenario 2, Figure 7.3), and (3) FTS with wastewater treatment and
separation sections (scenario 3, Figure 7.4). In B5 unit, the FT products were separated into
three different forms of gas, heavy hydrocarbons, and wastewater. The wastewater stream was
then introduced into a treatment unit (B6-9) to remove the residual hydrocarbons. In unit B10-

11, FT gas products were separated to achieve pure olefins. The amount of water formation
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during FTS compared to the liquid products were not significant. Therefore, this wastewater
treatment section was added to the scenarios rather than the main process. Addition of the gas
recycle stream in all scenarios can improve the economics when the process is optimized for
maximum light olefins production (Rafati et al., 2017). In all scenarios off-gas was recycled

and reused for heat and electricity generation.

[GAs |
GAS

Fischer-Tropsch reactor

Multistage compressor

SYNGAS 1 HCS |
hydrocarbons

wastewater

—Y

Figure 7.2: FT simulation diagram for production of light olefins (scenario 1).

Figure 7.4: FT simulation diagram with wastewater treatment and separation units
(scenario 3).

150



7.3 Results and discussion

7.3.1 Process simulation

The CO conversion and C>-C4 selectivity of 0.5K5M010Fe/CNTs catalyst reached 71.5%
and 49.6%, respectively, under optimal operating conditions (T = 280 ‘C, P = 4 MPa, and
GHSV = 2000 h). In the simulation, the pure syngas with H,/CO of 1 was assumed to be
available at the desired temperature and pressure. The FTS tail gases were assumed as a mixture
of unreacted syngas and humid gaseous hydrocarbons. Iron catalysts have shown a remarkable
performance for Ho-lean syngas (H2/CO ratio = 0.8-1.5) because of the high activity for WGS,
providing more hydrogen for FTS reaction (Badoga et al., 2017a). Liquid hydrocarbons derived
from FTS reactor often contained considerable amounts of water (834 kg/h). The residual water
can be separated from liquid hydrocarbon by decantation or separator unit (Figures 7.2-7.4).
This liquid hydrocarbon stream is a mixture of light to heavy species that can be used as fuel
for automobiles. To separate liquid hydrocarbons into gasoline (Cs-C12) and diesel fuels (Cis-
C20), a distillation column in scenario 3 was designed. Since no waxes (C24+) were produced by
bimetallic promoted Fe/CNTs catalyst, the hydrocracking unit was not required. Table 7.2

describes the components of each unit in detail.

Table 7.2: Summary of operating conditions for different unit operation.

Unit operation Aspen Plus block  Input conditions

Syngas compressor  MCompr e  Three isentropic stages, intercooling at 50 °C and P= 2.6 MPa

Absorption unit RadFrac e Eight stages

FT preheater unit  HeatX e  Temperature difference of hot inlet and cold outlet = 10 °C

T =280 °C, AP =-0.05 MPa
Cooling water as utility
ASF model for reaction conversions

FT reaction unit RStoic

10 stages, P =0.1 MPa with molar reflux ratio of 0.2
Kettle reboiler
T(condenser) = 40 °C with cooling water

Distillation tower RadFrac

7.3.2 The material and energy balances of the FTO
Figure 7.5 depicts the simulation of FT plant of scenarios 1-3 using the bimetallic promoted
0.5K5M010Fe/CNTs catalyst, providing the detailed materials and energy balances in the
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design. As shown in Figure 7.5, the boxes and lines depict the units and material or energy

flow, respectively.
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Figure 7.5: (a-c) Mass and energy balances of the FT process for scenariol-3.

The energy conservation law was established to provide the energy balance as follow:

Z minhir\ = Z mout hout +H loss (7_3)

out

where min, hin, Mout, and hout represent the input and output of mass flows and enthalpies,
respectively. Excluding the heat transfer between the system and surroundings, Hioess IS
considered zero. The total electricity input (Wiet) in FT is calculated as follow:

W,

tot :WCP +W WEX (7-4)

pump

In this case, Wcp represents the compressor’s work, while Wpump stands for the pump duty.
The electricity consumption for scenario 1, 2, and 3 (Wcp + Wpump) are 2238 KW, 2320 KW,
and 2340 KW, respectively.

In general, Eq. (7-5) and (7-6) can be used to determine the net energy efficiency (ye) and

carbon efficiency (ycar).
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e = H prod / (H feed +Wtot) x100% (7_5)

Nean, = Carb ., / Carb,, x100% (7-6)

prod

where Hprod, Hreed, and Wiot reflect the product energy, total feedstock energy, and electricity,
respectively. Carbprog and Carbreed represent carbon in the product and feedstock, respectively.
ne values for 0.5K5Mo10Fe/CNTs catalyst is 62.2%, and #carb is 90.1%.

7.3.3 Fixed capital costs
Fixed capital costs are comprised of direct costs (DC) including costs of equipment and
installation, as well as indirect costs (IC) such as spare part, engineering, startup, royalty, and

contingency costs. ICs was estimated nearly 32% of the DCs (Baliban et al., 2013).
FCI =DC+IC (7-7)

Table 7.6 provides the FT plant facility costs. The DC for common units (heat exchangers,
distillation towers, and compressors) were estimated using the Aspen Process Economic
Analyzer in Aspen Plus 12.0 software, while that of specific units (FT reactor, boiler, and

separator) were determined using capital cost data (Table 7.2) as follow:

DC = (1+ BOP)CO(%)“ (7-8)
0

where C, refers to the base cost and BOP is the balance of plant including site and utility

preparation (20%). Sr, So, and St stand for the actual capacity, base capacity, and scale factor,

respectively.

7.3.4 Operating costs
The costs associated with fuel, electricity, steam, coolant, and refrigerants are categorized

as operating costs (OC).The OC excluding feedstock cost was calculated as follows:

OC = cost +cost + COStfueI +C0sS twater +C0s trefrigerant +CO0s tCOZ TS&M cos telec—generation (7'9)

elec steam

According to the results of the process simulation, the total amount of electricity consumed

in the process was calculated.
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7.3.5 Sale revenues

The working period of the FTO process was considered 330 days per year, with the
remaining days dedicated to maintenance and refreshment. Diesel and gasoline prices changed
over time. From 2014 to 2022, the price of diesel reduced from US$942/MT to US$609/MT.
The price of light olefins e.g., ethylene also reduced from US$1380/MT in 2014 to US$500/MT
by 2015, as the crude oil price decreased (C. Zhang et al., 2015).

7.3.6 Net profit

The gross profit, net gross profit as well as net annual earnings were calculated as follow:

Gross profit= SR-OC-MC (7-10)
Net gross profit = gross profit - SARE (7-11)
Net annual earnings = net gross profit x (1-tax rate) (7-12)

where SR, OC, and MC stand for the sale revenue, operating cost, and maintenance cost (2%
of the total cost). SARE reflects the sale administration and research expenses (10% of the net
gross profit). In addition, the tax rate was assumed 40%. In this case, the equity ratio, debt ratio,
and interest rate were taken 45%, 55%, and 14%, respectively, with a 10-year repayment period.
The plant construction period was estimated as three years, with fixed capital distribution of
10%, 60%, and 30% in the first, second, and third year, respectively. The plant lifetime was

considered 20 years. The annual cash flow was calculated as below:

Cash flow, = net annual earnings, +depreciation credit;, + fixed capital cost, (7-13)

The plant capacity factor of the first, second, and third year of operation were 0.5, 0.8, and
1.0, respectively. Depreciation credit was calculated using the 20-year straight line method. As

a result, the discounted cash flow was determined by Eq. (7-14):

Discounted cash flow, = cash flow, x (1+ discount rate)*™" (7-14)

The internal rate of return (IRR), payback period (PBP), and net present value (NPV) reflect
the economic feasibility of each plant. The PBP describes the time required in years for the
invested budget to be returned through the net cash outflow. It is applied to assess the risk of a

suggested project.
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FCI

) (7-15)
TPR-TOC

where FCI is the fixed capital investment ($), TPR represents the total plant revenue ($/year)
and TOC refers to the total operating cost ($/year). The overall economic value of the plant is
determined by NPV.

30
NPV = " discounted cash flow, (7-16)

i=0

IRR is the maximum discount rate (r) at which NPV of all cash flows equal to zero (Eq. 7-
17).

NPV = Z (1+ r) (7-17)

The difference between the present value of the cash inflow and outflow is defined as NPV.

NPV is one of the economic indicators evaluating the profitability of plants as well as IRR.

a*”) LTACx(1+i)Y —TCl (7-18)
+

NPV = (TPI ~TOC)x

where TPI, TOC, TAC, TCI, and Y are total project investment ($), total operating cost ($/year),
total annualized cost ($), total capital investment ($), and plant lifetime (years), respectively.
The internal rate of return (IRR) or i was fixed at 10% when measuring the NPV. TAC can be

calculated using Eq. (7-19).

TAC($/ year) = Depreciation + TOC (7-19)

7.3.7 Techno-economic analysis
The equipment was sized to produce 1 kg/h of ethylene based on the developed FTO

flowsheet. An overview of the investment-dependent costs is presented in Table 7.3.
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Table 7.3: Summary of economic assumptions.

Parameters for investment

dependent costs Unit Scenario 1 Scenario 2 Scenario 3
Capacity Lbly 108440847 108440847 108440847
Expected lifetime Years 20 20 20
Depreciation Straight line method (US$/year) 7.7E+06 5.1E+06 9.5E+06
Interest rate % 14 14 14

Fixed capital investment Us$ 1.02E+07 6.74E+06 1.25E+07
Working capital uUss$ 508450 336844 627139
Maintenance costs (average) Us$ 96097 108808 111766
Insurance and taxes % 40 40 40

Syngas 4 MPa US$/h 4135 4135 4135
Electricity US$/h 179 179 181
Cooling water MMG/h 3 3 3

Market prices of products (without taxes)

Hydrocarbons US$/h 665 665 665

Gas US$/h 4310 4310 5399
Waste-water uUS$/h 37 37 37
Products sales Us$/h 4.39E+07 5.35E+07 5.35E+07

The equipment prices undergoes fluctuation because of the change in materials, production
method, and government policies. In this study, the equipment prices were provided by the
venders. The installation costs and facility parameters were presented in Tables 7.4 and 7.6
Considering the actual capacity required for equipment, the logarithmic relationship presented

below was followed.

capaca,,
Cost, =Cost, (———— 7-20
a b (capac.b) (7-20)
where Costa and Costy represent the new price and the real price of equipment. capac.a and
capac.b are the capacity of equipment a and b, with n referring to the amplification factor as

presented in Table 7.4 (Wang et al., 2022).
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Table 7.4: Equipment amplification factors and their percentages of the installation cost
(Wang et al., 2022).

Type of Equipment Installation cost (%) Scaling Exponent
Compressor 30-60 0.69
Reactor 60-90 0.56
Heater 30-60 0.44
Pump 25-60 0.33
Condenser 30-60 0.44
Separator 20-60 0.49
Valve 10-30 0.30
Distillation Tower 60-90 0.57

Cost estimates in Table 7.5 provides major assumptions for estimating the balance of plant
(BOP) costs and indirect costs owing to the guidelines in the references. Applying the chemical
engineering plant cost index (CEPCI) for 2017 and 2021, the cost escalations associated with
materials, equipment, engineering, and construction from 2017 to 2021 were calculated (Rafati
et al., 2017). The CEPCI for 2017 and 2021 were reported 628.2 and 699.97, respectively
(Junsittiwate et al., 2022). From Table 7.5, the levelized costs of FT liquid (FTL) production
were measured based on the EPRI’s TAG report (Rafati et al., 2017):

FTL production costs ($/GJ) =[(LACCRxTCI)+ (0 &M costs) + (Feedstock costs)
-(Electricity sale price)]/ (FT liquid production) (7-21)
where LACCR is the levelized annual capital charge rate represented as the annual percentage
of TCI considering the annual sale of energy products. The LACCR was assumed 15.41%/y as
measured and discussed by Kreutz et al. (Kreutz et al., 2008) with the debt/equity ratio of 55/45,
plant lifetime of 20 years, and construction period of 3 years.

Other factors of the FTL production cost in Eq. (7-21) are depicted in Table 7.5. In this
study, operating and maintenance (O&M) costs was not calculated in detail and it was
considered as 4% of TCI (Kreutz et al., 2008).
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Table 7.5: Important assumptions for measuring the overall production costs of FT liquids.

Parameter Value Source

Plant capacity factor 90% Assumed

Total annual capital charges 15.41 %ly (Kreutz et al., 2008)

Biomass cost $5/GJ, HHV (Kreutz et al., 2008)

Natural gas cost $3.31/GJ, HHV (Energy Information Administration, n.d.)
O&M:? costs 4% of TCI® (Kreutz et al., 2008)

Electricity sale price 66.7 $/MWh (Energy Information Administration, n.d.)

@ Operating and maintenance costs
b Total capital investment

Table 7.6: The cost of facilities.

Item Material Total Number Unit cost (US$) Reference

Liquid heater 316 SS 3 1120 (Holger, 1954)

Liquid pump 316 SS 2 1414 (Browne, 1953)
Condenser 316 SS 2 1200 (Yancheng et al., 2017)
Vapor-liquid separator CS 5 1360 (Qiang and Wang, 2020)
FT reactor S31603 3 85,120 (Hsu et al., 2018)
Pressure relief valve 316 SS 3 751 (Merino et al., 2017)
Distillation tower Q245R 2 61,800 (Wang et al., 2022)

Table 7.7: Fixed capital investments.

Scenario unit Scenario 1 Scenario 2 Scenario 3
Multistage-compressors 2.51E+06 2.51E+06 2.51E+06

TEMA exchanger 13800 13800 13800, 12100

Liquid pumps - 4400 4400

FT reactor 35700 35700 35700

Flash vessel 17600 17600, 17100 17600, 17100, 17600
Component mixer - - 33600

Distillation column - 97600 97600

Total direct cost (US$) 3074000 3.48E+06 3722600

7.3.8 Sensitivity analysis
Sensitivity analysis was used to ascertain which parameters are most critical to the operating

costs (OC) for the FTO (Figure 7.6 (a-c)). It was observed that OC was highly sensitive to raw
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materials, operating labor cost, and utilities for all scenarios. During the analysis, one parameter
was increased or decreased by 12 or 11%, while all other parameters were kept fixed. When
the cost of raw materials in scenario 1 was increased by 12%, the OC increased from $25.3 M/y
to $72.1 M/y. However, a 12% rise in the cost of utilities decreased the OC to $1.1 M/y.
Similarly, in scenario 3, with 11% decrease in the maintenance cost, the OC decreased to
$70843ly. In scenario 2, increasing the maintenance cost from $429745/y to $1.19 M/y raised
the OC by 11%. In scenario 3, the increase and decrease in operating labor cost by 11% resulted
in 44% rise and 44% decline in OC, respectively.

Figure 7.6(d) shows the plant capital cost with respect to the feedstock rate (ranging from
2000 kg/h to 10000 kg/h) for production of olefins using different scenarios. The minimum
selling price (MSP) of olefins at various syngas flow rate is plotted in Figure 7.7. For a lower
MSP, the plant feedstock flow rates would need to increase. It can be observed that scenario 3
shows lower MSP (US$ 0.85/kg) for a capacity of 7000 kg/h, which is not competitive with
light olefin price using fossil fuel methods (US$1600/MT) (C. Zhang et al., 2015). Considering
NPV equaled to zero, the minimum olefin selling price were calculated as US$ 0.93/kg and
US$ 0.95/kg for scenario 2 and scenario 1, respectively. It is worth noting that a plateau effect
of the syngas flow rate on MSP is observed when the flow rate is over 7000 kg/h. This means
7000 kg/h is an ideal flow rate for syngas supply providing a cost-competitive production of

olefins.

The annualized operating costs breakdown is shown in Figure 7.7. As it can be observed in
all scenarios, raw materials cost accounts for 46-49 % of operating cost, followed by
maintenance (20-30 %) and utility (11-13 %) costs. In addition, the maintenance cost of
scenario 2 is more than that of scenario 1 and 3, which can be related to the higher flow rates

in the water treatment section increasing the size of equipment and the corresponding costs.
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From Table 7.8, the number of operators required was determined according to guidelines
obtained by Ulrich and Vasudevan (Ulrich and Vasudevan, 2004). The internal rate of return
(IRR) was employed to determine the economic feasibility of scenarios 1-3 of the integrated
FT plant. The profitability of plants is reflected by return on investment. From Table 10, the
IRR of scenario 1 and 2 is 42.0% and 63.4%, respectively, which is less than that of scenario 3
with IRR of 154.7%. The higher IRR of scenario 3 is mainly due to the higher total capital
investment of this scenario (C. Zhang et al., 2015). The IRR above 10% is acceptable for a
feasible industrial plant and all scenarios (1-3) meet this criterion (Santos et al., 2021). The IRR

reflects the profitability of a plant.

However, considering the modified internal rate of return (MIRR) would obtain a more
reliable comparison. The value of MIRR is in the order of scenario 3 (21.9%) > scenario 2
(21.3%) > scenario 1 (20.7%), which is in a good agreement with the trend of profitability index
(PI). The profitability index above 1 is economically favorable (Santos et al., 2021). Table 7.9
shows the PI for all scenarios in the FTS process, which is greater than 1 and confirmed the
profitability of the plants. A positive value of net return rate (NRR) for different scenarios also
indicates the profitability of the project. NRR, which combines NPV and discounted cash flow
rate of return (DCFR) is affected by the project lifetime (Okolie et al., 2021).

Table 7.8: The number of operators required for the FTS.

Name of the equipment No Operators required Number of operators required
Pumps 2 0 0

Splitters 2 0.2 0.4

Condenser 1 0.02 0.02

Compressors 2 0.1 0.2

Reactor 1 0.3 0.3

Column 1 0.3 0.3

Total No of operators required 1.22-2
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Table 7.9: Summary of economic analysis.

Investment Scenario 1 Scenario 2 Scenario 3
Total project capital investment (US$) 10.68E+06 8.42E+06 1.39E+07
Working capital (US$/y) 608450 436844 727139
Internal rate of return (IRR, %) 42.08 63.47 154.70
Net return rate (NRR, %) 5.67 7.48 18.21
Modified internal rate of return (MIRR, %) 20.79 21.35 21.94
Profitability index (PI) 1.24 1.27 1.38

The economic performance of FTO plants is influenced by the FT catalyst selectivity toward
light olefins, providing a larger amount of products. The results also confirmed that as
selectivity to light olefins rose, the IRR value increased remarkably. From Fig. 8a, once the
selectivity to light olefins reached zero indicating all Co—C4hydrocarbons as paraffins, the IRR
of the FTO in scenario 3 was 28.6%. According to our previous study (Yahyazadeh et al.,
2022b), the maximum light olefin selectivity of 0.5K5M010Fe/CNTs catalyst at H2/CO of 1
was 49.6% at which the MIRR value increased to 21%. By increasing the syngas ratio from 1
to 2, the MIRR value of scenarios 1 and 2 improved slightly, which is required for an advanced
technology to be attractive in capital markets (Zhang et al., 2013).
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Figure 7.8: MIRR of FT process in different cases as a function of syngas rate for
0.5K5M010Fe/CNTs catalyst (a): H2/CO = 1; (b): H2/CO = 2.
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From Figure 7.9 the total capital cost is a function of the syngas feed ratio, the higher the
syngas flow rate, the higher the total capital cost. The sensitivity analysis confirms that
decreasing the feedstock rate is the most critical factor to the FTO plant economics (Figure
7.6). Furthermore, Figure 7.10 demonstrates the effects of plant capacity on the profitability
index and depreciation cost. Pl and depreciation cost of the FTO are sensitive to the scenarios,
which is primarily due to the change in the total olefin cost. The results show that addition of
separation unit in scenario 3 improved the profitability of the FTS plant compared with scenario
1 and 2. The economic profitability for olefin production also depends on process conditions
and interest rate (Rahimi and Shafiei, 2019). Comparatively, scenario 3 shows that system
integration causes the depreciation cost increase. Expanding the olefin production sale would

compensate the higher depreciation cost of scenario 3 (Xiang et al., 2014).
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Figure 7.10: Impact of variations in plant capacity on (a) Profitability index; (b) Depreciation
cost.
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7.3.9 Life cycle assessment

The superiority of petroleum products obtained by FTS over fossil fuel-based products is
related to lack of sulfur, nitrogen, and aromatics in FT products. Nevertheless, the global
atmospheric and toxicological impacts associated with the proposed FT plant were estimated
as potential environmental impact (PEI) including global warming, ozone layer depletion,
acidification, eutrophication, human carcinogenic toxicity, human non-carcinogenic toxicity,
resource depletion, respiratory effects, ecotoxicity, and photochemical ozone formation. 1 kg/hr
ethylene production rate was considered for scenarios 1-3 as well as fossil fuel method, which
is @ common assumption in the literature. The PEIls were estimated based on the mass and
energy balances considering the consumption of syngas, catalyst, and energy during FT

process.

Table 7.10: LCA results for the FT plant located in Canada for a basis of 1 kg ethylene.

Impact category Unit Scenario 1 Scenario2  Scenario 3 Fossil fuel
Global warming potential (GWP) kg CO; eq. 3.91 0.89E+01  2.10E+02 1.86E+02
Ozone depletion kg CFC-11eq. 2.44E-07 2.44E-07 2.44E-07 3.09E-06
Acidification kg SO; eq. 4.55E-02 6.90E-02 6.10E-01 5.46E-01
Photochemical ozone formation Kg Os eq. 1.34 2.03 2.63E+01 7.24
Human health-carcinogenic CTUh 1.44E-06 1.66E-7 4.74E-06 9.98E-06
Human health-noncarcinogenic CTUh 3.48E-06 1.47E-06 4.10E-05 1.36E-05
Ecotoxicity CTUe 6.34E+01 3.06 6.64E+02 3.76E+02
Resource depletion-fossil fuels MJ surplus 451 451 451 9.66E+02
Respiratory effects kg PM2.5 eq. 1.50E-03 3.20E-03 2.26E-01 4.80E-02
Eutrophication kg N eq. 6.78E-02 1.78E-03 2.58E-02 2.14E-01

The potential environmental impact index across the system was evaluated for scenarios 1-

3. A “cradle-to-gate” method was used to measure the GHG emissions for all scenarios through
FTS process. The global warming potential (GWP) is estimated by kg of CO equivalence
which is one of the most important environmental impacts of plants. As shown in Table 7.10,
the GWP in this study is in the order of scenario 3 (210 kg CO2.¢q) > scenario 2 (8.9 kg CO2-¢q)
> scenario 1 (3.91 kg CO2.eq). GHG emission for scenario 3 and fossil fuel method are much

more than that of scenarios 1 and 2, indicating the higher risk of CO. emission by scenario 3.
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Carcinogenic and non-carcinogenic effects for scenario 2 are 1.66x10" CTUh and 1.47x107°
CTURh, respectively, which is lower than that of fossil fuel method (Table 7.10). Production of
light olefins through scenario 1 exhibited a better performance compared to other scenarios
(2,3) with respect to global warming potential, acidification, photochemical ozone formation,
and respiratory effects.

Additionally, scenario 2 is found to be the best option in terms of eutrophication,
carcinogenic and non-carcinogenic effects. It can be observed that the environmental impacts
of scenarios 1 and 2 are mostly lower than those of scenario 3. As can be observed in Figure
7.11, scenario 3 demonstrates the worst performance in terms of GWP, acidification,
photochemical ozone formation, ecotoxicity, non-carcinogenic, and respiratory effects. The
greatest reductions of environmental impacts including eutrophication and ozone depletion can
be achieved by scenario 3. Overall, the FT products were determined to be more
environmentally benign compared to fossil fuel methods. In case the amount of fresh catalysts
consumed can be decreased by enhancing the longevity of the catalyst, the ozone depletion
potential can be reduced (Okeke et al., 2020b). Quantitively, the amount of ozone depletion
potential emission for all scenarios is too small (2.4 X107 kg CFC-11eq).
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Figure 7.11: Comparison of the LCA results of light olefins’ production in different
scenarios using 0.5K5Mo010Fe/CNTSs catalyst.
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Regarding global warming potential, LCA provides a basis for comparison of bioenergy and

biofuel production plants. As it can be seen in Table 7.11, six biofuel plants located in different

countries including this study in Canada were evaluated in terms of CO> equivalence (g/MJ).

A wide range of CO, emission (7.6-484.0 g CO2..¢/MJ) were reported, among them the lowest
level belongs to the non-FT biofuel production (7.6, 9.6, and 11.0 g CO2-¢/MJ), while the FT

fuel production resulted in a higher CO2 emission. The CO, emission of FT process were in the

range of 37.6-484.0 g CO2eq/MJ. The CO2 emission from the light olefin production in our

study is estimated to be about 77.5 g/MJ ethylene in base scenario 1 (3.91 kg CO2-q per 1 kg

of ethylene) which is fairly acceptable.

Table 7.11: Comparison of LCA studies on biofuels, FT liquid fuels, and olefins.

CO..
Country Scope Feedstock System . Indicator * Reference
boundaries
(a/MJ)
.. The life cycle sustainability (Be_n
Tunisian . Date palm waste Cradle-to-gate GWP 7.6 Hnich et
performance of bioenergy system
al., 2021)
U.K. LCA of jet fuel production from Sugar Cane Residue  Cradle-to-grave  GWP 9.6 (Michailos,
bagasse 2018)
. L (Cuéllar-
U.K. E_nwronmental SUStamab.'“ty e Sewage sludge Cradle-to-grave ~GWP 484.0 Franca et
different FT process designs
al., 2019)
. (Zang et
uU.S. LCA of FT fuel production Waste CO; streams ~ Well-to-wheel GWP 37.6 al., 2021a)
(Gutiérrez
Spain LCA of bio-fuel production Pine wood waste Cradle-to-gate GWP 11.0 Ortiz et al.,
2020)
. Environmental assessment of FT Captured CO; and (MeQrano-
Switzerland - . Cradle-to-gate GWP 150.0 Garcia et
electro-diesel electrolytic H,
al., 2022)
Canada LCA of FT to light olefins Syngas Cradle-to-gate GWP 77.5 This study

7.4 Conclusions

The feasibility of a designed FT process for direct production of light olefins along with its

environmental impacts were evaluated by techno-economic analysis and life cycle assessment.

Based on the performance of bimetallic promoted 0.5K5Mo010Fe/CNTs catalyst for production

of light olefins at 280 °C and 4 MPa, the proposed FT design was found economically profitable.
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By addition of wastewater treatment and separation units, three different scenarios were
established. Scenario 3, including wastewater treatment and separation units was the most
profitable olefin production process, and the profitability index increased by maximizing the
plant capacity (10000 kg/h). Increasing the yield of light olefins is crucial to the economic
performance of the designed FT process. In the sensitivity analysis, raw material followed by
operating labor cost, and utilities were the major factors affecting the operating cost of the
proposed designs. Compared to scenario 1 with the minimum selling price of 0.95 $/kg,
scenario 3 resulted in a lower MSP of 0.85 $/kg at various plant capacities with the highest
profitability index (1.38%). The potential environmental impact of the FT design was analyzed
by a cradle-to-gate approach. The analysis showed that the greatest reductions of environmental
impacts including eutrophication and ozone depletion can be achieved by scenario 3. However,
significantly high GHG saving was achieved by production of light olefins through scenario 1
with 77.5 g COz2-q per MJ ethylene.
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CHAPTER 8: Conclusions and Recommendations

8.1 Overall project overview and conclusions

Industries are concerned with production of light olefins via Fischer-Tropsch synthesis
(FTS). Commercialization of FTS is limited by catalytic system development in terms of
activity, selectivity, and stability to improve the feasibility of producing light olefins via
Fischer-Tropsch to olefins (FTO) on an industrial scale. Fe was found as a promising active
metal for light olefin production due to its tolerance for sulfur contaminants present in Ho-
deficient syngas obtained from biomass, low cost, and high selective toward light olefins.
Selection of support, promoter, catalyst synthesis methods, as well as process conditions can
considerably influence the FTS productivity. In comparison with oxide supports, carbon
nanotubes (CNTs) were found to be a promising catalyst support owing to their high surface
area, excellent thermal conductivity, metal-support weak interaction, and modifiable surface
chemistry. CNTs was synthesized by catalytic chemical vapor deposition and optimized to
obtain maximum CNTSs yield (47.4%) at 700 ‘C and minimum amorphous carbon structure
(Io/lc = 0.29) at 800 'C.

FTS catalytic performance of Fe/CNTs-Syn supported catalyst was investigated under
industrially relevant process conditions (T = 280 'C, P = 2.0 MPa, H,/CO = 1, TOS = 24 h,
GHSV = 2000 hY). The light olefins’ selectivity and CO conversion over 20Fe/CNTs-Syn were
23.6% and 90.4%, respectively. 20Fe/CNTs-Syn shows a high and constant degree of CO

conversion for a period of 120 h on stream.

Electronic structural promoters such as K and Mo improve light olefins’ selectivity and
catalytic activity. CNTs synthesized was used as support to obtain K and/or Mo-promoted
Fe/CNTs catalysts for light olefins’ production in FTS. In addition, FTS catalyst synthesis
conditions including Mo/K promoter mass ratio (0.25-10 wt%/wt%), ultrasonic time (6-18
min), and iron loading (10-30 wt%) were optimized to obtain maximum light olefins’ yield.
0.5K5M010Fe/CNTs prepared under the optimum synthesis conditions resulted in the highest
olefins’ yield (35.5%). It was found that the addition of potassium increases CO conversion,

while molybdenum enhances the selectivity to light olefins.

The kinetic study of FTS was performed over 0.5K5Mo010Fe/CNTs catalyst in a fixed-bed
reactor under operating conditions (P= 0.7-4.1 MPa, T =270-290 "C, H2/CO =1, GHSV = 2000
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h1). A total of twenty-two mechanisms describing the adsorption characteristics of carbon
monoxide and hydrogen for monomer formation using the LHWW and ER adsorption theories
were solved together with Arrhenius and Van’t Hoff equations. Accordingly, Kinetic
parameters such as activation energy, CO adsorption enthalpy, and Hz adsorption enthalpy were
determined to be 65.0, -54.0, and -13.0 kJ/mol, respectively. Additionally, the kinetic model
was further compared with the typical Anderson-Schulz-Flory model, suggesting the effects of
water-gas-shift and the existence of additional formation pathway such as secondary re-
adsorption of olefins for heavier hydrocarbons.

Finally, techno-economic analysis and life cycle assessment of light olefins’ production
through FTS were investigated in three scenarios. The net rate of return (NRR) calculated to be
5.6%, 7.4%, and 18.2% for the base scenario (scenario 1), scenario 2 with wastewater treatment,
and scenario 3 with wastewater treatment-separation unit, respectively, which means the
project is profitable from an economic perspective. From scenario 3, the minimum selling price
of olefins is estimated to be 0.86 $/kg, which was about 11% lower than that of scenario 1.
Effects of syngas feedstock rate on the economic performance of the proposed scenarios were
also evaluated in terms of the modified internal rate of return (MIRR) and total capital cost. A
facility MIRR of 21.9% was obtained for scenario 3 and it was strongly influenced by syngas
rate. Additionally, The GHG emissions of scenario 1 was measured 77.5 g CO2.eq per MJ
ethylene confirming a significant drop in GHG emissions compared to petroleum-based FT fuel
production.

8.2 Recommendations

Recommendations for future research in this field would be:

e The chemical vapor deposition reactor could be modelled and the CNTs growth would
be investigated over a single metal catalyst. The potential results would benefit the
reactor design on an industrial scale CNTs production.

e Other chemical and structural promoters, namely Mn, Bi, and Zr could be studied for
their impacts on FTS iron catalyst supported on CNTs.

e The influence of preparation methods such as the sol-gel and precipitation techniques

on catalytic performance of CNTs supported iron-based catalysts can be investigated.
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APPENDIX A: Experimental Calibrations
A.1l. Reactor temperature calibration
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Figure A.1. 1: Temperature profile along the fixed-bed FT reactor.
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Figure A.1. 2: Temperature calibration curve for reaction zone in FTS reactor.
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A.2. Mass flow controller calibration
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Figure A.2. 1: Mass flow controller (MFC) calibration for syngas flow into FT reactor.
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Figure B. 2: Permission to use the published paper “Optimization of Carbon Nanotube
Growth via Response Surface Methodology for Fischer-Tropsch Synthesis over Fe/CNT
Catalyst”.
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Figure B. 3: Permission to use the published paper “Optimization of olefins' yield in Fischer-
Tropsch synthesis using carbon nanotubes supported iron catalyst with potassium and
molybdenum promoters”.
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