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Abstract

Fluid Catalytic Cracking (FCC) units are responsible for ~25% of CO_ emissions released
from the oil refineries, which themselves account for 4-6% of total global CO2 emissions.
Although post- and oxy-combustion technologies have been suggested to capture the CO>
released from the regenerator of FCC, Chemical Looping Combustion (CLC) may also
be a potential approach to capture the CO> released from the regenerators in FCC units

with lower energy consumption.

In this study, the applicability of CLC for the FCC unit was investigated as a novel
approach for CO> capture. In order to demonstrate the applicability of CLC, four main
aspects were studied. A refinery FCC catalyst (Equilibrium Catalyst-ECat) was firstly
modified with reduced oxygen carriers e.g. Copper (Cu), Copper (1) oxide (Cu.0), Cobalt
(I1) oxide (Co0), and Manganese (11, I11) oxide (Mn3O4) and oxidised oxygen carriers
e.g. Copper (I1) oxide (CuO), Cobalt (II, 111) oxide (Co304), and Manganese (I1) oxide
(Mn203) using mechanical mixing and wet-impregnation methods. Secondly, to identify
any detrimental effects of the oxygen carriers on cracking, both reduced and oxidised
oxygen carrier modified ECat formulations were tested for n-hexadecane cracking using
the standard test method of FCC catalysts. Then, to investigate the CLC behaviour of
coke with oxidised oxygen carriers (CuO, Co3z0s and Mn.QOz), thermogravimetric
analyses (TGA) were conducted on a low volatile semi-anthracite Welsh coal, which has
a similar elemental composition to actual FCC coke. Finally, the CLC of coke deposited
on the reduced oxygen carrier impregnated ECat was investigated with the
stoichiometrically required amount of oxidised oxygen carrier impregnated ECat. The
CLC tests were investigated in a fixed-bed and a fluidised-bed reactors equipped with an

online mass spectrometer to monitor CO> release.

The results demonstrated that mechanical mixing of Cu with ECat was shown to have a
negative impact on the cracking of n-hexadecane. However, the mixing of Cu20, CoO,
and Mn304 with ECat had no significant effect on gas, liquid and coke yields on product
selectivity. Additionally, wet-impregnation of Cu, MnO, and Mn3Os had a negligible
impact on the cracking of n-hexadecane in terms of conversion, yields and product

selectivity. In terms of the CLC tests of coke, complete combustion of the model coke



was achieved with bulk CuO, Co304, and Mn203 when the stoichiometric ratio of oxygen
carrier to coke was maintained higher than 1.0 and sufficient time was provided.
Furthermore, although 90 vol.% combustion efficiency of the coke deposited on ECat
was reached with bulk CuO and Mn20Os, the regeneration temperature required (800 °C)
was not realistic in terms of commercial regenerator conditions. However, a relatively
high combustion efficiency, (> 94 vol.%) of the coke deposited on reduced Cu and Mn3O4
impregnated ECat was achieved with the stoichiometrically required amount of CuO and
Mn20s impregnated ECat at the conditions used in conventional FCC regenerators, 750
°C for 45 min. According to these results, CLC is a promising technology to incorporate
into the next generation of FCC units to optimise CO> capture.

In addition to the application of CLC for FCC, the selective low temperature CLC of
higher hydrocarbons was discovered during the cracking tests of n-hexadecane over
oxidised oxygen carriers mixed ECat. Therefore, CLC of n-hexadecane and n-heptane
with CuO and Mn;0O3 was investigated in a fixed bed reactor to reveal the extent to which
low temperature CLC can potentially apply to hydrocarbons. The effects of fuel to oxygen
carrier ratio, fuel feed flow rate and fuel residence time on the extent of combustion were
reported. Methane did not combust, while near complete conversion was achieved for
both n-hexadecane and n-heptane with excess oxygen carrier for CuO. For Mn20s3, total
reduction to Mn3O4 occurred, but the slower reduction step to MnO controlled the extent
of combustion. Although the extent of cracking is negligible in the absence of cracking
catalysts, for the mechanism to be selective for higher hydrocarbons suggests that the
reaction with oxygen involves radicals or carbocations arising from bond scission.
Sintering of bulk CuO occurred after repeated cycles, but this can easily be avoided using
alumina support. The fact that higher hydrocarbons can be combusted selectively at 500
°C and below, offers the possibility of using CLC to remove these hydrocarbons and

potentially other organics from hot gas streams.
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Chapter 1

Introduction

1.1 Background on global CO2 emissions and capture technologies

The increase in greenhouse gas (GHG) emissions in the atmosphere has escalated global
warming [1], which is the most critical environmental issue faced by the civilisation.
Fossil fuels, namely coal, oil, and natural gas, are the primary source of carbon dioxide
(CO2) emissions, which is the primary GHG [2, 3]. Atmospheric CO2 concentration
considerably increased over the past century up to 416 ppm at the beginning of 2020 [2].
An atmospheric CO> concentration higher than 750 ppm is predicted by 2100 unless

sustained mitigation efforts are implemented in the next decades [3].

The upward trend of CO> emissions has been associated with the use of fossil fuels for
energy production [2, 4]. In the industrial sector, power plants and a variety of industrial
facilities such as cement, iron-steel, petrochemical, and refineries are the primary sources
of CO- emissions [5]. In these processes, fuel is fired with air in a combustion chamber
as this is the most economical technology to exploit the energy in the fuels [6]. Power
plants have the highest CO2 emissions, roughly 78%, and the heavy industries are
responsible for much of the rest, approximately 22% [1, 2, 6-10]. Among these industries,
oil refineries account for 4-6% of the global CO> emissions [11, 12], mainly because they
are the second-highest energy consumers. Industrial units such as process heaters and
boilers, sulphur recovery, hydrogen production, and fluid catalytic cracking (FCC) are
the main sources of CO; in industrial applications [13].

Owing to the negative environmental impacts of CO,, technological options including
Carbon Capture and Storage (CCS) have been proposed to meet the increasing energy
demand and reducing net CO2 emissions into the atmosphere [14]. CCS technologies



(post-combustion, pre-combustion, and oxy-combustion) can capture the CO; released

from these industries.

Based on the characteristics of the FCC process, it is possible to capture the CO, from
flue gas released from an FCC regenerator equipped with post-combustion methods such
as amine scrubbing [15, 16]. Despite post-combustion is a mature technology for CO-
capture from FCC, thanks to its wide applications in industrial scales, other processes,
notably oxy-combustion and chemical looping combustion (CLC), offer lower energy
penalties [17, 18]. In FCC-oxy-combustion, oxygen mixed with recycled CO: is used
rather than air to oxidise the coke which deposited on the FCC catalyst. While oxy-
combustion is a promising technology for CO> capture from the regenerator of FCC, the
process conditions and effect of CO2 on coke regeneration are needed to be improved

before commercial applications [19].

The CLC process, where metal oxides are used as an oxygen supplier rather than air to
combust the fuel stream [20], is an alternative CO. capture method for FCC. CLC has
been indicated as an energy saving alternative process compare to post- and oxy-
combustion capture technologies [21]. In CLC, air and fuel are never mixed [22].
Therefore, the technique does not require a separation process [20, 23], unlike the CO-
separation unit for both post-combustion and pre-combustion methods [24], or the air

separation unit for oxy-combustion methods [25].

Even though CLC has shown as an alternative energy saving CO capture technology,
there was no technical report or economic evaluation about the feasibility of CLC for the
regenerator of FCC units. Therefore, this thesis is the first research assessing the
applicability of CLC for FCC as an innovative approach for CO2 capture from the
regenerator by modifying conventional FCC units and FCC catalysts.

1.2 Aims and objectives

This study aims to assess the applicability of CLC as an innovative approach for CO;

capture from the regenerator of an FCC unit. This new CLC-FCC concept aims to develop



the next generation of FCC units to optimise CO> capture with the addition of reactor, a

metal oxidiser (air reactor).

The objectives of this study were;

¢+ To develop the new generation FCC catalysts modified by oxygen carriers such
as Cu-, Co-, and Mn-based to use in the novel CLC-FCC concept. Mechanical
mixing and impregnation methods were employed to prepare the new generation

of CLC-FCC catalysts to investigate in both cracking and combustion sections.

% To characterise the chemical and physical properties of the oxygen carrier
modified FCC catalysts developed in this research. X-ray diffraction (XRD),
Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy (SEM-
EDS), X-ray Fluorescence (XRF), N2 adsorption-desorption, Elemental analysis,
and Pyridine adsorbed Fourier transform infrared spectroscopy (IR-Py) were
employed to characterise the new generation of CLC-FCC catalysts and the results

compared with the commercial FCC catalysts.

% To demonstrate the effects of the oxygen carrier modified with FCC catalysts
(mechanically mixing and impregnation) on the cracking reaction. The cracking
activity of new generation CLC-FCC catalysts were tested in a fixed bed
microactivity test unit suggested by ASTM D3907, “Standard test method for
testing FCC catalysts by microactivity test” to demonstrate which kind of oxygen
carriers have no adverse effect on the cracking reaction as required for the

application of the novel CLC-FCC concept.

%+ To demonstrate the combustion activity of the coke (or regeneration activity of
FCC catalysts) with oxygen carriers. The CLC tests of coke deposited on FCC
catalysts were investigated with oxygen carriers (both bulk and impregnated on
FCC catalyst) in a ), thermogravimetric analyses (TGA), a fixed-bed reactor, and
a fluidised-bed reactor to identify the combustion profiles of the cokes with

different oxygen carriers and conditions.



1.3 Thesis structure

Following the introduction section, seven further chapters have been presented in this

thesis as follows,

Chapter 2 — Literature review: This chapter reviews the literature on the fundamentals
of CO2 emissions and capture technologies, and future scenarios for the CO2 emissions.
Further, it informs the contribution of industries to the CO. emissions and suggests
capture technologies. It also presents an introduction of a FCC unit and detail studies on
the current CO; capture opportunities from FCC. Additionally, it highlights the research
on the fundamentals of CLC, which is a novel CO> capture technology. Part of this

literature review has been published in Frontiers in Energy Research, 2020 (8, 62)[26].

Chapter 3 — Proposed application of CLC to FCC units: This chapter presents the
information about the proposed application of CLC to FCC units. The working principles
of the new generation of CLC-FCC units are clarified and demonstrated, and the

advantages of the suggested process described in this chapter.

Chapter 4 — Material and experimental methods: This chapter highlights the
description of the materials and experimental methods within the scope of the research
project. First, the catalyst modification methods (mechanically mixing and impregnation)
and conditions are presented. Then the equipment and conditions for the catalytic
cracking activity test of the prepared catalysts are described. Following that the CLC
conditions and material for the combustion of coke deposited on FCC catalysts with
oxygen carriers are presented. Then the techniques used to characterise the prepared

catalysts before and after cracking tests are stated.

Chapter 5 — Cracking activity test of modified FCC catalysts: This chapter presents
the results and discussion from the catalytic cracking activity tests of the prepared
catalysts (oxygen carriers modified FCC catalysts) with n-hexadecane cracking in fixed-
bed microactivity test (MAT) reactor. This chapter also presents the characterisation

results of the prepared catalysts before and after testing in the cracking. These results



were published in the first parts of the papers in Chemical Engineering Journal, 2020
(389, 4124492) [27] and Fuel, 2019 (244, 140-150) [28].

Chapter 6 — Chemical looping combustion tests of FCC coke: The chapter
demonstrates the results and discussion about the combustion of FCC coke with oxygen
carriers. In the first part, the TGA tests of model coke combustion with oxidised oxygen
carriers (bulk) are presented. Following that the fixed-bed and fluidised-bed tests for the
combustion of coke deposited on FCC catalysts (and reduced oxygen carriers modified
FCC catalysts) with the oxidised oxygen carriers (both bulk and impregnated on FCC
catalysts) are presented. These results were also published in the second parts of the
papers in Chemical Engineering Journal, 2020 (389, 4124492) and Fuel, 2019 (244, 140-
150).

Chapter 7 — Selective low temperature CLC of higher alkanes with Cu- and Mn-
oxides: The chapter presents the results and discussion about how a higher hydrocarbon
(alkanes) can be selectively combusted with oxygen carriers (and Mn-based oxides) in a
fixed bed MAT reactor at relatively low temperatures. This phenomenon was discovered
during the tests; cracking of n-hexadecane over oxidised oxygen carriers modified FCC
catalysts. The results were also published in Energy, 2019 (173, 658-666) [29].

Chapter 8 — Conclusions and future work: This chapter summarises the main
conclusions regarding the applicability of CLC to FCC as a novel CO, capture
technology. Additionally, it concludes the selective low temperature combustion of
higher hydrocarbons using CLC technology. The outline recommendations for future

work are also included in this chapter.



Chapter 2

Literature Review

2.1 Fundamentals of CO2 emissions

The concentration of COz in the atmosphere has risen dramatically throughout the 1900s.
According to the International Energy Agency (IEA) report [1], the annual CO2 emissions
have significantly increased to over 14 GtCO: in 1970 [1] and reached over 37 GtCO> in
the following 50 years, in 2019 (Figure 2.1) [4].
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Figure 2.1. Trends in CO; emissions from 1960 to 2019 [4].

In 1960, the top three countries with the highest CO2 emission rates were the United States
of America (2.8 GtCO.), Russia (0.89 GtCO.) and Germany (0.81 GtCO.). However, in
2018, China emitted the highest amount of CO. (approximately 10.1 GtCOy), followed
by the United States of America (5.4 GtCO.) and India (2.6 GtCO2) (Figure 2.2) [4, 9,

30, 31].
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Figure 2.2. CO, emissions by region in 1960 and 2018 [32].

Combustion processes such as power plants, furnace in industries, cement kilns, and iron
and steel production plants result in the most considerable CO2 emissions. In this type of
large-scale processes, fuel is mostly combusted using air since this is the most economical
way to exploit the energy in the fuels [6]. However, using air during the combustion
increases the CO2 emissions and complicate the separation process of CO> from flue gases
i.e. CO2, N2, Oz, CO, NOx, SOx. In 2018, electricity and heat production had the highest
CO2 emissions (42%, almost half of it for industrial requirements [2]), transportation
(25%) and industrial activities (19%) followed as the second and the third largest global

CO2 emissions caused by fuel combustion (Figure 2.3).
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Figure 2.3. Global CO, emissions by sector in 2018 [33].

Consequently, the industries such as power plants, cement production, oil refining, iron-
steel production, hydrogen/ammonia production and natural gas processing have the
highest CO2 emissions worldwide [1, 2, 6, 8-10]. Globally, the power sector ranks first
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among the stationary CO> producers, heavy industries including cement, iron-steel, oil
refining, are responsible for approximately 20% of global CO> emissions [7], of which

oil refineries account for 4-6% [7, 12, 34].

2.2  Fundamentals of CO2 capture

In the last few decades, several studies have focused on CO; capture as a possible solution
to tackle the adverse effects of CO> emissions in the atmosphere [1, 2, 6, 8-10, 35-44].
The results have shown that CO2 can be captured from the industrial processes using post-
combustion [45-50], pre-combustion [24, 51-55], and oxy-combustion [35, 38, 56-58]

technologies. Figure 2.4 illustrates the flow chart of these CO capture processes.

The post-combustion process acts as the removal of CO2 from the flue gas released
through biomass or fossil fuels combustion. In this system, CO is separated from the flue
gas using absorption (amines, advanced amines, agueous ammonia and ionic liquids),
adsorption (metal-organic frameworks, activated carbon, zeolites), and membrane-amine
hybrid technologies. Subsequently, the captured CO> can then be stored in a reservoir,
and the flue gas (without CO.) vents into the atmosphere [6].

In the pre-combustion method, the fuel reacts with oxygen or air and/or steam to create a
synthesis gas or fuel gas, including carbon monoxide and hydrogen. The carbon
monoxide produced also reacts with steam to produce more hydrogen and CO.. This
reaction occurs in a shift reactor, a type of catalytic reactor. After that, CO> might be
separated using a chemical or a physical absorption process. At the end of the separation,
hydrogen fuel may be used in energy production [6]. Pre-combustion capture
technologies are more efficient than post-combustion technologies owing to an enhanced
concentration of CO.. The release of CO2 may be decreased by more than 90% in the pre-

combustion system [39].
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Figure 2.4. CO; capture approaches (post-, pre-, oxy-combustion) [14].

The other approach for CO> capture is oxy-combustion, in which a combustion reaction

occurs with pure oxygen (95% - 99.9%) instead of air, and a mixture of CO2 and water is

formed as flue gases. The method may help to release highly pure CO2 (90% <) in flue

gases. However, an Air Separation Unit (ASU), which is needed to get pure oxygen from

the air, increases the cost of the process [59]. Although elements of oxy-combustion

technologies are in use in some industries such as iron and steel, FCC, and glass melting

industries, the commercial scale of oxy-combustion has not yet been deployed [6].

In 2019, the Institute of global CCS identified 51 large-scale Carbon Capture and Storage
(CCS) projects in the report of “The Global Status of CCS 2019” [60]. Twenty-three of

these CCS facilities are either in commercial operation or under construction (Figure 2.5),
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while ten of them are in advanced development using a dedicated front end engineering
design and last eighteen are at early stages of development. Additionally, there are many
other facilities defined as “smaller scale in operation”, “smaller scale in completed” and
“test centre” as shown in Figure 2.5. The CCS projects, which are in operation and under

construction, captured about 40 Mtpa (Million tonnes per annum) of CO: in 2019 [60].

®  Test Centre
@ Pilot & demonstration scale facility
in operation & construction

@ Pilot & demonstration scale facility
in advanced development

®  Ppilot & demonstration scale facility
completed

EY/ Y

K . Large-scale CCS facilities in advanced development
. Large-scale facility completed

. Large-scale CCS facilities in operation & construction

Figure 2.5. State of global CCS projects in 2019 [60].

Table 2.1. CO; capture in industrial processes and estimated year of maturity [61].

Sector Technology Estimated date
Refineries Fluid Catalytic Cracker (FCC) 2020-2030
Hydrogen gasification residues 2015-2020

Hydrogen from synthetic gas reforming

Currently mature

Iron and steel

Post-combustion blast furnace

2020

Oxy-combustion blast furnace 2020-2030
Gas DRI 2020
FINEX steelmaking process 2020-30
Cement Chemical absorption 2015-2020
Oxy-combustion 2030
Carbonate looping 2030
High purity Ammonia Currently mature

Gas processing
Liquefied natural gas (LNG) production
Fischer-Tropsch (FT) — synthesis coal

Currently mature
Currently mature
Currently mature

Hydrogen from fossil
fuels/biomass

Coal/Biomass gasification
Steam methane reforming

Currently mature
Currently mature

10
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Figure 2.6. Future goals of CCS in the power and industrial sectors [62].

Table 2.1 shows the primary industrial processes emitting high amount of CO; and
estimated years of the maturity of CCS technologies for these industries. Figure 2.6
presents the future goals for the CCS in the power and industrial sectors published by IEA
[62]. It is worth noting that the IEA predicts a rapid increase in CO2 capture and storage
from 2020, reaching at least 2000 million tonnes in 2030, with a considerable jump of

over 7000 million tonnes by 2050.

2.3 Introduction to fluid catalytic cracking (FCC)

CO- emissions in oil refining arise from a number of different processes, including Fluid
Catalytic Cracking (FCC), hydrogen production, and sulphur recovery units in addition
to the combustion-related sources (e.g. heaters and boilers) [13, 63]. The regenerator part
of the FCC unit is one of the largest CO2 emitters, about 20-35%, from a standard refinery
[7, 63, 64]. The distribution of CO, emissions from the refineries is shown in Figure 2.7.
In an oil refinery, FCC is one of the essential processes for the conversion of gas oils and
petroleum residues into more valuable gasoline and distillate fuel products. The main aim
of the process is to decrease the molecular weight of the feedstock to light cycle oil (LCO;
C13-C20), gasoline (Cs-C12), and LPG (Cs-Ca), but the production of light gases (Hz, C1-
C>) should be minimised [65].
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Figure 2.7. Percentage distribution of total refinery CO; emissions [7].

A commercial FCC unit, presented in Figure 2.8, consists of a catalytic reactor (a riser
reactor) and a regenerator [66, 67]. The reactor is a riser in which the preheated feedstock
Is injected, vaporised, and mixed with hot catalyst and steam, with cracking temperatures
of 480-600 °C which decrease up to the riser as the endothermic cracking reactions
proceed. The consecutive reactions of complex FCC feedstock leading to the final FCC

products (Figure 2.9) were presented by Vogt and Weckhuysen [68].

Cracked Products

Controlled particle
size distribution

oy

Cyclone Vessel

Striper

Regenerator
Stripping Steam

" ; Riser Reactor
Combustion Air

Air Heater Fresh and Recycle Oil Feed

Dispersion Steam

Figure 2.8. A typical FCC unit [65, 69].

12



After the riser reactor, the gas-phase cracked products and catalysts powders are separated
in the disengagement zone, a cyclone. The gas-phase products are then sent to a fractional
column while the coke deposited catalysts are stripped with steam to remove volatiles and
then sent to the regenerator where the coke is combusted with air in a controlled manner
at temperatures typically close to 750 °C. After regeneration, coke free catalysts are sent
back to the riser; thereby, the cycle is completed. Combustion of the coke generates heat
to sustain the endothermic cracking reactions in the riser, so the system is thermally
balanced. The concentration of CO: in the flue gas is 10-20 vol.% with a low
concentration of CO (0-5%) in the full combustion mode. Additionally, the flue gas
contains 50-200 vppm of NOx and 300-600 vppm of SOx [65, 69].

CCe a) T g e
Gasoline S - ~> Ethylene

Middle A Propylene
distillates -
[

---~> Middle
VGO

distillates
Residue

FCC
Products

FCC

Refinery Feedstock

Feedstock

Figure 2.9. a) FCC products from the refinery feedstock and b) consecutive cracking reactions of
complex FCC feedstock leading to the final FCC products [68].

The chemical and structural composition of an FCC catalyst was presented by Vogt and
Weckhuysen [68], as demonstrated in Figure 2.10. Generally, type Y zeolite-based
catalysts are the primary catalyst used for the cracking reaction in FCC units. The zeolites
can be modified with rare earth metals to increase acidity and improve thermal stability
and dealuminated to provide even greater stability. Type Y zeolite catalysts also comprise
an aluminosilicate matrix with mesoporosity and some acidity to crack larger molecules,
clay to improve physical strength and a binder [65]. FCC units have been faced with
increasingly stringent quality emission standards that require lower emissions of CO,
NOx and SOx, and this together with the trend to heavier residue feedstock containing

Nickel (Ni) and Vanadium (V) has resulted in many innovations in catalyst formulations
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both maximise product selectivity and control these pollutants [65]. An FCC catalyst
should have the critical properties, shown in Figure 2.11.
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Figure 2.10. Typical chemical and structural composition of an FCC particle [68].
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Figure 2.11. Catalyst properties required for the FCC unit [65].
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Similar to the other industrial catalysts, selectivity, activity, attrition resistance, and
durability are the key performance attributes of FCC catalysts. Laboratory scale fixed-
bed, fixed-fluid bed or fluid transport of riser reactors have been ordinarily used to
evaluate activity and product selectivity of an FCC catalyst [65, 70-75]. The micro
activity fixed bed reactor system is described in ASTM D3907 [76].

2.4  COz2 capture technologies from an FCC unit

As described in the introduction, oil refineries are the third-highest CO. emitter after
power plants and cement industries [7, 34]. N2O (0.08%) and CH4 (2.25%) are the other
greenhouse gases which are emitted by refineries besides CO2 (97.67%) [63]. The CO;
produced in the refineries come from several units such as FCC, hydrogen production,
sulphur recovery plants in addition to boilers and process heaters (combustion-related
CO2 sources) [16, 77]. Although the FCC system is one of the most important units for a
refinery, the regenerator part of FCC is responsible for roughly a quarter of standard
refinery CO2 emissions at the refinery [13]. For instance, a medium-size FCC unit, which
has been fed 60,000 barrels per day (bpd), emits almost 0.5 million tonnes of CO> per
year to the atmosphere [78]. Therefore deploying CO- capture to FCC can play a crucial
role in fully decarbonising oil refinery operations.

Based on the characteristics of the FCC process, post-combustion capture and oxyfuel
combustion have already been suggested to capture the CO., released from the
regenerator of FCC units. In FCC-post combustion capture, the CO- in the flue gas can
be captured using an amine scrubbing method. In FCC-oxyfuel combustion capture,
oxygen mixed with recycled CO- is used instead of air to oxidise the coke that deposited
on the FCC catalyst during cracking reaction. In addition to these technologies, Mace et
al. [79] suggested changing the regenerator in a FCC unit from a combustor to a steam
gasifier to produce syngas (CO and Hy) rather than H.O and CO> with gasification of
coke, in which the oxygen ratio may be reduced by increasing the ratio of CO2/O2 or
H20/0- in the regenerator feed. However, Mace et al. [79] also highlighted some serious
questions about the regeneration of catalysts, the reverse Boudouard reaction without
poisoning the catalysts, maintaining the heat balance on FCC unit, additional combustion

source to provide all of the process heat, required partial pressure of H,O and CO; etc.
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Although gasification of the coke deposited on FCC catalyst is an alternative way to CO>
capture, the uncertainty of the process conditions and lack of experimental study make it
difficult to compare this process with other suggested technologies. On the other hand,

the coke deposition on FCC catalyst, pre-combustion cannot be applied to FCC [80].

2.4.1 Application of post-combustion for FCC units

Post-combustion is one of the CO capture technologies suggested for the FCC
regenerator [16, 19, 81-87] where studies demonstrate that the technology can be
retrofitted to the regenerator flue gas line containing 10-20% CO: [86, 87]. Straelen et al.
[5] reported a case study on the deployment of post-combustion CO, capture at a complex,
large-scale refinery, consisting of a hydrogen production unit, a fluid catalytic cracker,
and a group of smaller and larger utility plants, handling in the range of 400,000-500,000
bpd. The results demonstrated that application of post-combustion to refineries is
technically feasible. Miracca and Butler [19] described a system for an FCC unit with
CO- capture modifications established downstream from the FCC unit, as presented in
Figure 2.12. In this system, the flue gas, which is released from the regenerator, is fed to
an amine scrubbing system by a flue gas blower. The CO: is chemically absorbed by an
aqueous amine solution and then a very high purity (99.5% vol.) CO: is desorbed in the
stripper unit. The results of the study illustrated that 85% of the CO. can be captured from
flue gas using an industrial post-combustion capture technology with a suitable amine
solvent [19].

Digne et al. [16] undertook a techno-economic evaluation of a commercial post-
combustion CO> capture technology, named HiCapt™ (Figure 2.13) developed by IFP
Energies Nouvelles and PROSERNAT, for FCC flue gas. The commercial HiCapt* post-
combustion CO2 capture process consists of three main part; absorber, stripper, and CO-
compression units, as presented in Figure 2.13. A case study for a capacity of 60,000 bpd
was considered to evaluate HiCapt®. As for any amines scrubbing operation, HiCapt*
process consists of three central units; the absorber, stripper, and CO2 compressors. The
process was described as follows; flue gas, which is cooled down to 50 °C by a water

quench tower, is introduced at the bottom of the absorber at atmospheric pressure.
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Figure 2.12. Post-combustion capture in an FCC unit [19].
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Figure 2.13. Simplified process flow diagram of HiCapt* process [16, 88].
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The lean solvent is an aqueous solution containing 40 wt.% of monoethanolamine (MEA)
also enters at the top of the absorber. The CO- in flue gas diffuses to the solvent and react
with MEA. The gas described as a decarbonised is then sent to the washing section zone
of the absorber. In this section, MEA in the vapour is recovered by water washing.
Decarbonised flue gas is, then, released to the atmosphere from the top of the absorber.
After a heat recovery exchanger, the solvent highly loaded with COz is introduced to the
regenerator (also called the stripper) at a pressure approximately 1-2 bar. The heated
solvent is pumped through the packed stripper column. The solvent recovered from the
stripper column is sent to the absorber from the bottom of the regenerator, and after a
condensation unit, the high purity (99.9 mol%) CO. separated from the solvent is
delivered to the CO2 compression unit. Here, the CO2 compressed at 110 barg in several
stages of compression and condensation [16]. From a technical point of view, because of
the HiCapt" inlet specifications, 74% of CO> emitted from the FCC unit can be captured,
approximately 14% of total CO, emitted from the refinery under consideration.

Wei et al. [89] have also demonstrated the integration of solvent-based carbon capture
with FCC through process simulation. An industrial-scale FCC unit (1.4 million tons
VGO per year) was modelled in which different heat integration options were considered
to reduce the energy penalty. Further, the model was validated through industrial
operating data. As demonstrated in Figure 2.14, three cases were suggested to provide the
energy required for the carbon capture plant after the regenerator. In case-1, the heat
required by the CO- capture plant was completely supplied by the excess heat of the FCC
unit coming from the waste heat steam generator (WHSG) and the heat exchanger located
after the chimney, which was calculated as 11.52 MWth. In case 2, 90% CO; capture
from the regenerator was ensured using the only excess heat of the FCC unit, which was
calculated as 14.67 MWth. The additional 3.15 MWth in case-2 came from the energy
produced in the flue gas turbine. In case 3, 90% CO- capture was also secured using an
additional heat supply. The results indicated that a proper design of heat integration would

significantly decrease the energy penalties for CO2 capture in FCC units.
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Figure 2.14. Process flow diagram presenting three different heat integration options with post-
combustion capture for the flue gas released from the regenerator of the FCC unit [89].

2.4.2 Application of oxy-combustion for FCC units

Oxyfuel combustion is another technology proposed to capture CO, from the FCC
regenerator [17, 18, 25, 77, 78, 85, 90-92]. High purity oxygen is used in the regenerator
to produce a flue gas consisting of mainly CO2 and H>O. The application of oxyfuel
combustion to the regenerator is illustrated in Figure 2.15 [18, 19]. An air separation unit
(ASU) produces the pure oxygen for use in the regenerator, which is then mixed with CO>
recycled from the dehydration unit. This mixture is then sent to the regenerator for the
combustion of coke deposited on FCC catalyst. Thanks to the pure oxygen used in the
combustion, the flue gas released from the regenerator consist of 85-93% of CO. by
volume [18, 19, 78] balanced moisture which can be separated by dehydration unit.
Before transportation and injection of CO2, one more purification unit may be needed

depending on the presence of other impurities such as oxygen and nitrogen in the flue
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gas. Due to the flue gas compression, partial bypass to the stack is not required, which
gives oxyfuel combustion an inherent boost on CO> recovery compared to post-
combustion capture [19].
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Figure 2.15. Oxy-combustion capture in an FCC unit [18, 19].
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Figure 2.16. Process schematic of oxy-combustion-FCC operation [18].

Mello et al. [18, 78] also demonstrated the technical viability of oxyfuel combustion for
a pilot-scale retrofitted FCC unit operated by Petrobras (Brazil). An oxygen supply
system and a CO: recycling system was retrofitted to a pilot-scale FCC unit, as
demonstrated by Mello et al. [18]. The major equipment for the oxygen supply system is

a liquid O3 tank, vaporiser system, flow and pressure control skid, gaseous O injector,
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and piping (Figure 2.16). Heat balance and volumetric flow rate tests were carried out
with two different FCC feeds; an Atmospheric Residue (ATR) and a conventional
vacuum gas oil (VGO) to define the technical feasibility of oxyfuel combustion [85].

Furthermore, catalyst balance and catalyst deactivation tests were performed using VGO.
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Co, 0, CO,
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a) Same Heat Balance b) Same Volumetric Flow Rate

Figure 2.17. Comparison of oxy-combustion and air operation [18, 78].

Due to the properties of CO2 and Nz, including density and heat capacity, it is essential to
evaluate the same heat balance and volumetric flow rate conditions (Figure 2.17) [85].
The results demonstrated that an oxyfuel combustion FCC unit might be run in the same
heat balance conditions as air operation once the CO> flow rate in the regenerator is kept
lower than the N2 flowrate with an air combustion. Moreover, there is no impact on the
thermal balance of the unit, and very few changes occurred in the product yields. The
retrofitted system may also be run with the same inert volumetric flow rate, but the
thermal balance of the unit and product distributions are affected because of the heat
capacity of CO2, compared with the nitrogen, as demonstrated in Figure 2.17. The effects
of using the same heat balance as for air are the temperature decrease, higher catalyst
circulation and feed conversion. For the same volumetric flowrate are an increase in the
distribution of gasoline and LPG because of the decreasing bottom products [78]. The
catalysts did not show a significant deactivation by increasing the partial pressure of

oxygen in the regenerator [18, 78].
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Miracca and Butler [19] also summarised technical and economic evaluation of oxy-
combustion using two different oxygen purity cases; case 1 with 97% oxygen purity and
case 2 with 99.5%. The overall capture rate was 90% of CO; for case 1 and 99.98% for
case 2 [19]. In both instances, the ASU is responsible for the highest power consumption,
11.4 and 15.9 MW, respectively. Because of the higher oxygen purity in case 2, power
consumptions for flue gas recycle compression (7.5 MW), and CO: purification and
compression (6.4 MW) are lower than those of Case-1 (9.8 and 9.1 MW, respectively).
Although ASU consumes more power in case 2, the total power consumption (32.5 MW)
is slightly lower than in case 1 (34.2 MW) [19].
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Figure 2.18. Two-stages FCC regeneration with diathermy wall provides heat transfer [92].

In addition to the feasibility studies of oxyfuel combustion for FCC, Santos et al. [91]
and Silva et al. [92], focused on the reactions occurred in the regenerator. Santos et al.
[91] reported mechanistic insights of coke-CO: reactions in the regenerator. Coke
functionality, especially aliphatic carbon, having much more influence on the CO-coke
reaction than Oz-coke reaction. Furthermore, Silva et al. [92] have explained the reverse
Boudouard reaction over vanadium, lithium, magnesium, potassium, calcium and sodium
modified alumina, which occurs for the coke deposited FCC catalyst. Potassium (K) and
vanadium (V) modified alumina showed a synergism for the CO2 coke reaction, which
released $3CO followed by 2CO and '2CO,. In reverse Boudouard reaction, ?CO and
12CO, are affected by catalyst types and reaction temperatures. During regeneration,
besides CO> capture, the FCC process may have an important role to supply CO for other

processes [91, 92]. A two-stage regenerator system was suggested, as presented in Figure
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2.18 [92]. In the first step, the Reverse Boudouard reaction would be favoured using high
COz and low O». In the second stage, residual coke would be combusted by highly pure
O>. The second stage would also provide energy to the first stage and the overall FCC

process [92].

2.4.3 Comparison of post- and oxy-combustion technologies for FCC

Although post-combustion and oxy combustion are applicable for CO; capture, technical
and economic evaluation have an important role in establishing pilot or commercial scale
FCC units with low CO; emissions. While there is no need for any modification to the
FCC regenerator under for post-combustion capture, the regenerator and its operating

conditions must be modified for the application of oxy combustion.

From a technical point of view, 74% of CO: released from the regenerator of the FCC
unit flue was captured thanks to the HiCapt™ inlet specifications, presented by Digne et
al. [16]. Miracca and Butler [19] and Mello et al. [18] demonstrated 85 and 90% CO-
capture levels, respectively. Bench-scale tests for oxy combustion demonstrated the
regeneration of coke with O> mixed CO» [17-19, 48, 91]. Moreover, larger-scale tests
showed that oxy combustion is also technically feasible for the FCC regenerator [18, 91].
Compare to post-combustion, oxy-combustion offers much higher CO, capture levels
depending on the oxygen purity used in the regenerator; when oxygen purity increases
from 95% to 99.5%, the CO: capture increases from about 90.2% to 99.99%.
Additionally, there are no significant changes in the stability of operation, the product
profile, and effectiveness of coke burn [18]. The operation of the FCC unit with oxy-
combustion is considered to be more flexible than post-combustion capture, and also it

requires less area [19].

A result of the economic analysis is to the high ASU cost, the total installed cost for the
oxy-combustion unit is calculated to be approximately two times higher than for a post-
combustion capture unit [18]. Similarly, the total capital investment for oxy-combustion
(193.3M$ - for 99.5% of O, purity) is estimated at ~1.5 times higher than post-combustion
(133.1 M$ - amine) based on medium size of FCC unit (60,000-62,000 bpd) [17, 19, 25].

However, the total Operation and Maintenance (O&M) costs for post-combustion capture
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(77.3 M$) was much higher than that for oxy-combustion (29.1 M$). The high utility cost
for post-combustion capture was attributed to demand for low-pressure (LP) steam
required for the amine regeneration and extra cooling tower water [25]. Additionally, the
higher chemical cost for post-combustion capture was also attributed to the requirements
of MEA, corrosion inhibitor, particulate filters, activated carbon to remove hydrocarbons,
sodium carbonate to reclaim MEA, plus disposal costs. Such chemical costs are not

required for oxy-combustion applications.

Although it is possible to decrease the total capital cost for oxy-combustion by decreasing
the oxygen purity used in the regenerator, the requirement of the propane refrigeration
system and larger recycling compressors resulted in an overall higher investment as noted
by Mello et al. [25]. On the other hand, Digne et al. [16] and Lemaire et al. [88] indicated
that the HiCapt™ process using 40% MEA solution gives a 15% reduction in the cost of
an amine scrubbing plant compared to using only 30% MEA. Although post-combustion
capture for a FCC regenerator has a lower capital cost [83], oxy combustion indicated a
lower CO; capture and avoided cost than post-combustion capture [17, 18]. In another
study, the Inside Battery Limit cost, which is the cost of purchasing and installing all
process equipment, for an FCC unit with CO» capture was determined to be 1.25 times
higher than that of an FCC unit without capture [16].

Most of the energy consumption in post-combustion capture is due to solvent regeneration
in the boiler [93]. Additionally, besides the capture solvent and technology, the
concentration of CO; in flue gas also influences the capture cost [5]. The energy penalty
(specific duty) for the application of post-combustion capture to an industrial scale FCC
unit was reported as 4.2 GJ/t CO- (for CO capture level of 90%), and this decreased to
3.8 GJ/t CO. with the modification of heat integration option case 1 having a CO> capture
level of 78% (Figure 2.14, [89]). Furthermore, the novel post-combustion capture
technology, HiCapt®, developed explicitly for FCC units by Digne et al. [16] resulted in
an energy consumption of 3.1-3.3 GJ/t COg, for 74% CO. capture. The CO> avoided cost
was 75-110 €/t CO; for the application of post-combustion to a medium-sized FCC unit
[17, 19]. It was also determined between 90-120 €/t CO: if the current amine capture
technology is modified to the refineries [5]. The application of oxy-combustion to FCC

was demonstrated to have a lower energy penalty than post-combustion capture of 1.8-
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2.5 GJ/t CO2 depending on oxygen purities of 95 to 99.5% [17, 19, 94]. The energy
penalty for oxy-combustion arises from the ASU, oxygen and flue gas recycle
compression. Further, oxy-combustion provides lower CO, avoided costs of 55-85 €/t

CO. compared to post-combustion capture [17, 19].

In summary, even though post-combustion CO> capture for FCC is a mature technology,
the overall cost per tonne of CO> capture appears to be significantly higher than for oxy
combustion. Therefore, breakthrough technological developments, such as improved
solvents, are required to make post-combustion couture more competitive [5]. Although
the studies to date demonstrate that the oxy combustion can be a promising technology
for CO, capture from the FCC regenerator, the technology still requires further
improvements before commercial applications [19, 78, 85]. A high-energy penalty and
extra equipment requirements are apparent with both these technologies. CLC may well
be a technology that provides a unique potential for avoiding the high costs and energy
penalties inherent in gas separation and CO; capture [17, 18]. This technology can
separate the oxygen from the air without an ASU. Moreover, it has excellent potential to
be competitive with post-combustion and oxy-combustion in CO> capturing technology.
Fundamentals of CLC and its possible application method on the FCC unit are mentioned

in the following two sections.

2.5  Fundamentals of chemical looping combustion (CLC)

The chemical looping combustion concept was firstly described by Richter and Knoche
[95]. Figure 2.9 shows the CLC process, which is based on oxygen transfer from the air
reactor to the fuel reactor via a solid oxygen carrier. In this process, air does not need to
mix with fuel for combustion. Firstly, the fuel either solid or gas is introduced to the fuel
reactor and oxidised to CO, and H>O (as described in Reaction 2.1.) by a metal oxide
(MenOm) [96] which is reduced to metal (Men) or any other reduced form (MenOm-1)
during this reaction. After a condensation and purification step, the pure CO; is ready for
transport and storage [97]. Subsequently, in the air reactor, the reduced oxygen carrier
(MenOnm-1) is oxidised (as described in Reaction 2.2.) by oxygen in the air stream. The re-

oxidised oxygen carrier (MenOm) gets ready for a new combustion cycle. The flue gas
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from the air reactor contains nitrogen and excess oxygen gases [97, 98]. The net reaction
is illustrated in Reaction 2.3.

Nz, ,H0

- o \A

Air MenOm
Reactor
Fuel
Reactor

MenOm-1

Y~ //

~N———

Fuel -

Figure 2.19. Chemical looping combustion process [22, 98, 99].

Fuel reactor : CxHy + MenOm — CO2 + H20 + MenOm1 (2.1)
Air reactor  : MenOm + O2 — MenOn (2.2)
Net reaction : CyHy + O, — CO2 + H20 (2.3)

CLC technology has been investigated with various fuels such as methane, natural gas,
syngas, coal, biomass, and petroleum coke, in various size pilot-scale reactors [23, 96,
99-103]. The first application of CLC as a CO capture technology was investigated in
2001 [104], and after five years, in 2006, the first CLC study with solid fuel was published
[105].

The CLC studies focus on the development of oxygen carriers, reactor design, and
application of CLC for fuels (solid, liquid and gas). The studies bring out that the CLC is
a promising technology to generate high concentration of CO. in combustion and
hydrogen production processes [99, 106, 107], especially when a suitable metal oxide is
used as an oxygen carrier [22]. As a result of these studies, the CLC process, where metal
oxides can be used as an oxygen supplier instead of air to combust the fuel stream [20],
have been proposed as a potential alternative process to decrease CO- capture costs [21]
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and energy penalties. Additionally, according to the Intergovernmental Panel on Climate
Change (ICCP) report on CO- capture and storage, CLC is defined as one of the cheapest
methods for CO: capture [6]. CLC is a method of indirect combustion, where air and fuel
are never mixed [22]; thus, the technique does not need an additional separation process
[20, 23] as the CLC method may allow for natural separation of CO2 and H>O from other
non-condensable gases; N2 and excess O [23]. The fact that the other three techniques
required a gas separation process; either CO> separation unit in both post-combustion and
pre-combustion methods [24] or Oz separation unit in oxy-combustion method [25]. In
order to demonstrate industrial feasibility of CLC in an economic and technical
perspective, suitable oxygen carriers are the critical issues for specific fuels and reactor

systems.

Synthetic oxygen carriers usually arise from metal oxide (either single or combined form
of metal oxides) such as Fe>Os, CuO, NiO, Mn20O3, Co304 etc. and inert binders, for
instance, Al.O3, MgAIl»O4, SiO2, ZrO; [20, 96, 108, 109]. Moreover, natural minerals
such as iron ore, manganese ore, and copper ore can be used as an oxygen carrier [110-
112], but the natural mineral oxygen carriers generally show less reactivity compared to
the synthetic oxygen carriers [96]. The oxygen carriers should accomplish the following
characteristics to be feasible for industrial applications of CLC [96-98, 113];

e Sufficient oxygen transport capacity

e High reduction-oxidation reactivity

e Resistance to fragmentation and attrition

e Complete fuel conversion to CO; and H.O
e Negligible carbon deposition

e Low tendency for agglomeration

e Easy preparation method and low cost

e Environmentally friendly

2.5.1 CLC mechanisms for gas and solid fuels

In the CLC technology, the gas fuels (i.e. natural gas, refinery gas or syngas) derived from

gasification of solid fuels (i.e. coal, petroleum coke, biomass and solid wastes) can be
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directly combusted with the oxygen carrier in the fuel reactor. According to the gas fuel
combustion mechanism, the gas fuels give a reaction with oxygen carrier (MeO), and the
flue gas is expected to mainly consist of CO2 and H20 [99] as demonstrated in Figure
2.20.

CO,+ H,0 CO,+ H,0 CO,+ H-.0 CO,+ H.O

11T T

Gas Fuel CO+H, CO, and/or H,0
Syngas-CLC iG-CLC CLOU
Gaseous fuel combustion Solid fuel combustion

Figure 2.20. Combustion mechanisms of gas fuels and solid fuels in the fuel reactor [97, 99].

Furthermore, Figure 2.20 illustrates the CLC mechanism of solid fuels with oxygen
carriers presented by Adanez et al. [97], in which the combustion of solid fuels drives by
syngas-CLC, in-situ gasification CLC (iG-CLC) and/or CLC with oxygen uncoupling
(CLOU), [99]. Because of the difficulties in solid-solid reactions, the solid fuel-CLC
processes have been fluidised with CO, and H.O, which are also gasifying agents [23].
In this way, the solid fuel tends to be gasified, and thus, the combustion ratio might
increase. If the CLC concept were successful with solid fuels, it would be quite attractive
with restrictions in CO2 emissions, as there are plenty of solid fuels which are less

expensive than gas fuels [23].

CLC of gas fuels: The reduction of oxygen carriers due to the combustion of gas fuels
starts outside of the oxygen carriers and goes through into particles as non-catalytic gas-
solid reaction systems; both oxygen carrier and gas fuel are the reactants. Mendiara et al.
[114] demonstrated the reduction stages of an oxygen carrier particle, as shown in Figure
2.21.
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Figure 2.21. Reduction of an oxygen carrier particle during the CLC [114].

However, the reduction steps may demonstrate slight differences depending on the
oxygen carriers, supports, and fuels. For instance, Cabello et al. [115] have investigated
the kinetic parameters for the reduction of Fe-based oxygen carriers supported by alumina
using CLC of CHa. The reduction mechanism of Fe-based oxygen carriers, supported by
alumina with CH4 was shown in two steps. The first step is the kinetic control step by the
chemical reaction in the grain surface, where a product layer of FeAl.O4 is formed. The
second step is the diffusion control step through the product layer of FeAl.O4 around the
grains (Figure 2.22). They reported that the reduction rate was independent of the
concentration of CHa in the second step [115]. After the reduction of oxygen carriers, the
reduced state oxygen carriers are then re-oxidised by oxygen in the air stream in the air

reactor, ready for a new combustion cycle [113].
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Figure 2.22. Scheme of the reduction mechanism of Fe20yAl with CH, [115].

Syngas-CLC of solid fuels: In the syngas-CLC process, the solid fuel is, firstly, pyrolyzed
to volatile matter and char, which is then, gasified inside a gasifier (Reaction 2.4). The
syngas, which is released from the gasifier, is fed to the fuel reactor [96]. After this step,
the CLC works similar to gas fuel-CLC process [97]. Ahmed and Lasa [116]
demonstrated the kinetic model for CLC of syngas with a Ni-based oxygen carrier, as

shown in Figure 2.23. The combustion of CHz with Ni-based oxygen carriers loads to the
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formation of Hz and CO. Following this reaction, the high reactive species such as H> and

CO are directly converted into H20 and CO, respectively.

Pore «——
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Figure 2.23. Combustion mechanism of syngas species over Ni-based oxygen carrier [116].

Other synthetic oxygen carriers such as Cu-, Mn- and Fe-based, have shown combustion
reactivity with syngas components at atmospheric and pressurised conditions [96, 117-
120]. Moreover, the syngas-CLC system has been accomplished in the 300-1000 W
continuous process using various oxygen carriers; Ni-, Cu-, Co-based [121, 122]. The
pilot-scale studies demonstrated that the CO. capture efficiency has reached in 95-99%,

depending on the oxygen carriers used.

In-situ gasification-CLC of solid fuels: In the iG-CLC process, solid fuel is directly
introduced into the fuel reactor and physically mixed with an oxygen carrier. The coal is
pyrolysed to volatile matters and char in the fuel reactor (Reaction 2.4) before the
combustion with oxygen carrier. The char is gasified in situ by fluidising agents H>O
and/or CO; in the fuel reactor, described in Reaction 2.5 and 2.6 [96]. The in situ
gasification products (CO and H2) and the volatile matters rapidly react with oxygen

carriers as demonstrated in Reaction 2.8.

Coal - Volatiles + Char (2.4)

30



Cs) T COz(g) = 2C0(y) (2.6)

Chemical looping oxygen uncoupling (CLOU) of solid fuels: The third approach for the
use of solid fuels in CLC is oxygen uncoupling (CLOU) process, where the oxygen
carriers release their oxygen (Reaction 2.7). In the fuel reactor, coal is firstly pyrolysed
to volatile matter and char (Reaction 2.4) as in conventional combustion. The volatile
matter and char are directly combusted by gaseous oxygen (Reaction 2.8 and 2.9),
released from oxygen carriers. The CLOU process is a promising technology for the solid

fuel-CLC system thanks to the oxygen released from oxygen carriers.

2Me,0p, = 2Men 0,1 + O3y (2.7)
Volatiles + 0, = COy4) + H,0(y) (2.8)
ChaT + 02 s COz(g) + HZO(Q) (29)

CLOU studies have mainly focused on CuO, Mn,03, and Co304 as oxygen carriers, which
can release oxygen with the decomposition under temperature [97]. The oxygen
uncoupling reactions of these metal oxides are given by Reactions 2.10-2.12. While the
overall reaction between carbon (volatile matter and char) and oxygen carrier is
exothermic for copper oxide and manganese oxide (Reaction 2.13 and 2.14), it is
endothermic for cobalt oxide (Reaction 2.15) [96].

4CU0 & 2Cu,0 + Oy AHSy, = 262.1 kj/mol 0, (2.10)
6Mn,05 < 4Mn30, + Oyy) AHS,, = 193.1 kj /mol 0, (2.11)
20304 < 6C00 + O34, AHS,, = 406.7 kj /mol 0, (2.12)
4CU0 + € & 2Cu,0 + COyq AHS, = —132.9 kj/mol 0, (2.13)
6Mn, 05 + C < 4Mnz0, + COyyy AHSy, = —201.9 kj/mol 0, (2.14)
20304 + C & 600 + COy 4 AHSy, = 11.7 kj/mol 0, (2.15)

CLC is one of the most promising technologies to CO- capture from industries where
solid fuels are used as an energy source. CLC may also be applicable in coke cleaning
technologies such as regenerator part of FCC as the coke on the FCC catalysts has quite
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similar properties to solid fuels. Therefore, a novel CLC-FCC concept is described in
Chapter 3.

2.5.2 CLC for gas and solid fuels

CLC of gas fuels (both natural gas and syngas produced by solid fuels gasification) have
been investigated over a variety of oxygen carriers in both lab-scale units such as TGA,
fixed-bed and fluidised-bed reactors and pilot-scale units. Some of the literature about the
combustion of gas over oxygen carriers in continuously operated CLC units are presented
in Table 2.2.

The effects of CLC operational conditions on methane combustion with Ni-, Cu- and Fe-
based oxygen carriers (modified by a support such as yAl203, aAl.O3, MgAI>O4, and
Bentonite) were investigated using pilot-scale continuous units operating at 500 W — 120
kW [113, 121, 123-131]. Adanez et al. [121] demonstrated that the CLC of methane over
Ni-based oxygen carriers was successfully operated for 70 h of combustion conditions
and the combustion efficiency reached 99% at temperatures in the range of 800-880 °C.
It is possible to achieve the maximum combustion efficiency allowed by thermodynamic
constraints using optimum conditions at 880 °C, for an oxygen carrier to fuel ratio of
greater than 1.5 [121]. Kim and Son [125] also highlighted that the combustion efficiency
increases with increasing temperature, and the optimum reaction temperature was
reported as 850 °C in which CO and H, emissions from the fuel reactor were shown to be
negligible. Furthermore, Kolbitsch et al. [123, 124] presented the high methane
conversion over Ni-based oxygen carriers in addition to the thermodynamic maximum
H> and CO conversion. Ryu et al. [126] also concluded that inherent CO> separation is

possible with CLC of methane in addition to NOx free combustion.

No sign of carbon formation [121, 123, 124, 126] and agglomeration [121] were detected
on Ni-based oxygen carriers used for the combustion of methane. Furthermore, no
physical deformation was observed on the oxygen carrier particles [121]. The Ni-based
oxygen carriers supported by Al>Os consisted of two phases; NiO and NiAl2Os. The
former (NiO) is more reactive than the later (NiAl204), although both of them are defined

as active phases for oxygen transfer from the air reactor to the fuel reactor. Thus, Ni-
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based oxygen carriers prepared by impregnation was concluded as a suitable oxygen

carrier for the combustion of methane in a continuously operated CLC system [121].

Table 2.2. Summary of continuous CLC tests of gas fuels with a variety of oxygen carriers.

Oxygen carrier Support  Preparation* Facility References
CLC of CH,

NiO (18%) aAlOs3 IMP 500 W Adanez et al. [121]
NiO (40%) NiAl20;4 SD 120 kW Kolbitsch et al. [123, 124]
NiO (60%) Bentonite MM 1.5 kW Kim and Son [125]
NiO (60%) Bentonite MM 50 kW Ryu et al. [126]
CuO (15%) aAl,O3 IMP 500 W Gayan et al. [127]
CuO (14%) vAlL203 IMP 10kW Adanez et al. [113]
CuO (14%) YAlL203 IMP 10kW Abad et al. [130]
CuO (14%) vAlL203 IMP 500 W Gayan et al. [127]
CuO (14%) vYAlLO3 IMP 500 W Forero et al. [131]
CuO (12%) MgAl20, IMP 500 W Gayan et al. [127]
Fe>03 (60%) Bentonite MM 1 kw Kim and Son [125]
CLC of Syngas (CO+Hy,)

NiO (18%) aAl;03 IMP 500 W Dueso et al. [132]
NiO (60%) MgAl20, FG 170 W Mattisson et al. [117]
NiO (60%) MgAl204 FG 170 W Johansson et al. [133]
NiO (40%) NiAl;O;4 SD 65 kW Kolbitsch et al. [123, 124]
CuO (14%) vYAlLO3 IMP 500 W Forero et al. [134]
Fe,0; (60%) Al,O4 FG 300 W Mattisson et al. [117]
Fe203 (60%) AlO, FG 300 W Abad et al. [135]
Mn3O; (40%) MgZrO, FG 300 W Abad et al. [136]
CLC of (CH4 + HS) or (Syngas+H,S)

NiO (18%) aAl203 IMP 500 W Labiano et al. [137]
CuO (14%) vYAlLO3 IMP 500 W Forero et al. [138]
NiO (35%) Al20,4 COP 1 kw Shen et al. [139]
CLC of light hydrocarbons (C»-Cs)

NiO (18%) aAl,03 IMP 500 W Adanez et al. [140]

*The oxygen carriers prepared by impregnation (IMP), coprecipitation (COP), freeze granulation (FG), and

spray drying (SD).

The activity of Cu- based oxygen carriers supported by yAl,O3, aAl203, and NiO/yAl203

was investigated in a 500 W — 10 kW CLC unit operating continuously using methane as
fuel at 800-900 °C [113, 127, 130, 131]. A complete methane combustion was achieved

at 900 °C for the oxygen carrier to fuel ratio of greater than 1.2 with all Cu- based oxygen

carriers [127, 131]. However, when the temperature decreased to 800 °C, an oxygen

carrier to fuel ratio higher than 1.4 was required for the complete methane combustion
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over a Cu-based oxygen carrier [113, 131]. Furthermore, neither agglomeration nor
deactivation over the Cu-based oxygen carrier was observed [113, 127, 131] although it
was suggested a low operating temperature (<800 °C) due to its likely agglomeration
problem. Additionally, even if the attrition rate was high at the beginning of the
experiments, it was low and constant after 40 h of operation [113]. It was concluded that
high reactivity, together with high mechanical durability and absence of agglomeration,
Cu-based oxygen carriers with yAl.Oz modified with NiO addition as support [127].
Thus, Cu-based oxygen carriers are suitable for CLC processes [113, 127, 131].

Syngas derived from the gasification of solid fuels such as coal and biomass is another
type of gas fuel which can be used in the CLC process [132]. A high combustion
efficiency (about 99%) for the syngas is possible with Ni-based [132, 133], Cu-based
[134], Fe-based [135], and Mn-based [136] oxygen carriers in a CLC unit continuously
operating at 800-950 °C. Furthermore, the combustion efficiency was hardly affected by
the composition of syngas [132, 134]. The optimum oxygen carriers to fuel ratio for the
combustion of syngas required greater than 5.0 for Ni-based oxygen carriers [132] and
greater than 1.5 for Cu-based oxygen carriers [134]. The CLC tests with pure H, and CO
demonstrated that the efficiency for Hz is higher than that for CO due to the low reactivity
of oxygen carriers with CO [134], which indicates that the water gas shift reaction may
act as an intermediate step in the continuous CLC plant [132, 134]. Fe-based and Mn-
based oxygen carriers demonstrated a better combustion efficiency (about 99%) for
syngas compared with methane [135, 136]. The oxygen carriers, Ni-based [132], Cu-
based [134], Fe-based [135], and Mn-based [136] demonstrated adequate behaviour in
terms of agglomeration, carbon deposition, and attrition in the continuously operated
CLC of syngas. Therefore, they could be used in a continuously operating CLC unit for
the combustion of syngas [132, 134-136], which is produced in an integrated gasification
process [132].

Gas fuels such as natural gas, refinery gas or syngas from coal gasification may contain
different amount of sulphur compounds such as H>S. Labiano et al. [137] and Forero et
al. [138] have investigated the CLC of methane mixed H.S in a continuous CLC unit of
500 W. Furthermore, the effect of H>S on the combustion of syngas over Ni-based oxygen

carriers was investigated by Shen et al. [139] ina 1 kW CLC unit. It was found that during
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the combustion reaction, sulphide can react with Ni-based oxygen carriers and produce
nickel sulphide (Ni3S.) at all the operating conditions used in the fuel reactor [137]. After
the combustion of syngas, the Ni-based oxygen carriers reduced to Ni and NisS: phases,
but no evidence of other phases such as NiS or NiS, was observed [139]. Although the
formation of NizS; decreased the activity of oxygen carriers and combustion efficiency
[137], it is completely reversible in the air reactor where oxidation occurs [139].
However, SO, was produced as flue gas, once the produced sulphides were circulated to
the air reactor [137]. Due to the low melting point of NisS2 in the Ni-based oxygen
carriers, a liquid phase sintering was observed over the reduced Ni-based oxygen carriers
tested in the combustion of syngas (including H>S) [139]. Labiano et al. [137] noticed
that gas fuels containing low H.S (<100 ppm) could be applicable in industrial CLC

operations, once operational and environmental aspects taking into consideration.

The presence of light hydrocarbons such as C>He and CsHs in the feeding gas of a CLC
system were investigated over Ni-based oxygen carriers by Adanez et al. [140]. The study
demonstrated that the light hydrocarbons are entirely combusted in the CLC process at
temperatures higher than 900 °C. Furthermore, no carbon formation, nor agglomeration

was detected under any experimental conditions [140].

In addition to the high-temperature CLC processes (higher than 800 °C), low-temperature
CLC may have potential applications in a wide range of industries. For example, it could
be used to eliminate uncombusted hydrocarbon gases, non-methane volatile organic
compounds and CO released from incomplete biofuel and coal combustion, which have
been defined as toxic wastes polluting to the environment [141-144]. Moreover, these
incomplete combustion gases decrease combustion efficiency [143, 145]. A two-stage
CLC process, which is a combination of the normal CLC with the low-temperature CLC
(300 °C for fuel reactor and 400 °C for air reactor), have been suggested to eliminate the
unburnt gases and improve CO- purity in the fuel combustion gases by Xu et al. [146].
The cement supported Cu-based oxygen carrier demonstrated relatively fast oxidation
and reduction rates with air and carbon monoxide, respectively, at low temperatures,
approximately 300 °C, in TGA. Moreover, low temperature gas-solid kinetics of an active
Ni-based oxygen carrier has been investigated with H>, CO, CHj4 as reducing agents at

temperatures between 500 °C and 800 °C by Medrano et al. [147]. A good description

35



was obtained for gas-solid kinetics of redox reactions with Hz, CO and O at 500-800 °C
and atmospheric pressure.

Oxygen carriers used in the CLC of solid fuels: Iron (Fe-) based oxygen carriers mostly
have a lower cost, lower environmental impact, better mechanical strength, and higher
melting point than other oxygen carriers [20, 98, 108, 110]. The reactivity of Fe-based
oxygen carriers is enough at atmospheric and pressurised conditions [35, 98, 110]. The
Fe-based oxygen carriers react rapidly with intermediate gasification products; CO and
H>, produced from coal gasification [148]. Additionally, the combustion of coal with
Fe>O3 may be improved when the coal is blended with biomaterials such as straws [149].
Furthermore, the alkali carbonate (K.COs, Li2CO3, Na2COs3) treatment on Fe;O3 oxygen
carriers can enhance the combustion rate of coal char direct CLC [150]. In addition to
synthetic Fe-based oxygen carriers, some natural Fe-based oxygen carriers were also
investigated as oxygen carriers. Both hematite and Fe-based synthetic oxygen carriers
showed high combustion efficiency with the lowest amount of oxygen carrier in the
reactor bed [111]. As for the carbon formation, while there is no or minimal carbon
deposition on Fe-based synthetic oxygen carriers [110, 151, 152], carbon formation of
natural Fe-based oxygen carriers is associated with reduction time [112]. Most
investigations have been agreed that Fe-based oxygen carriers remain durable through
multiple reduction-oxidation cycles [110, 153]. Therefore, the direct combustion of
carbon produced by char without prior gasification with Fe;Os encouraged for the

application of CLC to the combustion of solid fuels [153].

Although Copper (Cu-) based oxygen carriers mostly demonstrate higher costs (~7860
$/t) than Fe-based oxygen carriers (~100 $/t) and lower melting point (1084-1326 °C)
than other oxygen carriers, the properties such as high oxygen carrier capacity, high
durability and low environmental impact of Cu-based oxygen carriers increase the interest
for them in CLC studies [113, 154]. Based on the thermodynamic analysis, Cu-based
oxygen carriers strongly support the feasibility of the CLC process for solid fuels such as
coal, biomass, solid wastes [155]. Studies into the reactivity of Cu-based oxygen carriers
verified that both gas and solid combustion process with Cu-based oxygen carriers should
be possible [23, 98] because of their high reactivity, more extensive oxygen transfer and

releasing capacities [156]. For example, the primary Cu-based synthetic oxygen carrier,
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CuO, demonstrated high reduction and oxidation so it can be described as an excellent
oxygen carrier for solid fuel CLC [102]. It has also been claimed that CuO can be fully
converted into Cu in a reduction process, either combustion of solid fuels or indirect
combustion of pyrolysis and gasification products of solid fuel [155]. The combustion
and oxidation performance of Cu-based natural ores as an oxygen carrier is worse than
synthetic CuO oxygen carrier due to the low active species concentration in ores [112].
Despite the higher oxygen capacity of Fe-based natural ores, Cu-based natural ores
showed faster reaction rates than Fe-based natural ores in methane CLC process [112].
No carbon deposition [113, 155], little or no agglomeration [98, 113] and no surface

sintering [102] after combustion and oxidation of Cu-based oxygen carriers.

Nickel (Ni-) and Manganese (Mn-) based oxygen carriers are also suitable for CLC
applications since both demonstrate relatively high melting points, high oxygen capacity
and low agglomeration [99, 157]. Though lower oxygen transfer capacities than Cu-based
oxygen carrier [155], they show high reactivity [98, 99]. On the other hand, Mn,0Oz and
NiO showed a lower combustion rate for solid fuels compared to Cu-, Fe- and Co-based
oxygen carriers. Moreover, carbon deposition, cost and toxicity of the carriers are still a
significant problem to be solved [99, 151, 158]. Carbon deposition of Ni-based oxygen
carriers may be addressed using correct Ni concentration on oxygen carrier [151, 153,
159].

Cobalt (Co-) based oxygen carriers showed an excellent performance in chemical looping
biomass gasification thanks to its superior properties such as high oxygen capacity,
mechanical strength, high melting point, and thermal stability [155]. Oxygen release
capacity and thermal stability make Co a preferred oxygen carrier compared to Mn and
Cu [160], while the high cost and toxicity reduce its application in CLC [160]. In addition
to CoO oxygen carrier, both CuO and NiO based oxygen carriers were illustrated to be
the optimal oxygen carriers for development of the CLC of solid fuels in terms of

thermodynamic analysis and physical properties of the oxygen carriers [155].

In contrast to these oxygen carriers, combined oxygen carriers such as CoFe2Qg,
CuFe204, Fe-Cu/Mg showed better reaction activity [101, 149, 161]. Wang et al. [101]

described a new combined oxygen carrier, Fe45Cul5M40, which consists of 45% of
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Fe203, 15% of CuO and 40% of MgAIl.O4. The activity of the oxygen carrier remained
high and stable for long reduction-oxidation cycles. This also showed high reactivity in a
pressurised CLC unit for 15 h and provided for the high conversion of the fuel.
Furthermore, catalyst showed a resistance towards agglomeration and fragmentation.
Wang et al. [149] showed that the desired reaction superiority of CoFe.O4 over single
reference oxides Fe2Oz and CoO. The principal reduction of CoFe2O4 is to FesO4 and Co,
which was also verified by thermodynamic simulations. Wang et al. [161] have
investigated the solid reaction activity of CuFe;O4 oxygen carrier. The reactivity of

CuFe204in coal combustion reaction was found much closer to that of CuO.

2.5.3 CLC for liquid fuels

The recent applications of CLC for both gas and solid fuels were widely summarised in
reviews [23, 162-164], while CLC for liquid fuels requires further experiments. Cao et al.
[165] investigated the gasification of bitumen and asphalt in an upstream process, and
then the synthesis gases were combusted over lanthanum promoted copper-based oxygen
carrier in a laboratory-scale batch fluidized bed reactor. Hoteit et al. [166] carried out
chemical looping combustion experiments with dodecane as liquid fuel over nickel-based
oxygen carrier, NiAlo.4 O167, at 800 and 900 °C in a batch fluidized bed reactor. They
showed that full combustion of dodecane to CO2 and H2O is possible if enough time is
provided to all hydrocarbon in a batch fluidized bed. Bao et al. [167] investigated
combustion of n-heptane in a saturated nitrogen flow as fuel over Fe-based oxygen carrier
in a laboratory-scale fluidised bed reactor. Both Cao et al. [165] and Hoteit et al. [166]
agreed that at the end of the reduction step, there were no carbon or sulphur
decomposition on Ni-based and Cu-based oxygen carriers on the contrary of the Fe>O3
oxygen carriers [167]. Serrano et al. [168] also investigated the combustion of liquid fuels
such as diesel, mineral and synthetic lubricant oils with Fe-based oxygen carriers at
different oxygen carrier to fuel ratios. The results demonstrated that it is possible to reach
higher than 90% combustion efficiency when using a greater than 3.0 oxygen carrier to
fuel ratio at 900 °C.

Additionally, studies on CLC-liquid fuels have been published by Moldenhauer et al.
[169-174], on the combustion of kerosene (sulphur-free and with sulphur), fuel oil, and
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vacuum residue with using oxygen carriers; Ni-, Mn-, and Cu- based zirconium oxide,
ilmenite, and calcium manganite in a 300 W circulating fluidized bed laboratory reactor
at the temperatures of 750-900 °C. These studies revealed high CO; yields for kerosene
combustion; higher than 95% over NiO based oxygen carrier [170], between 83% and
99.3% over a Mn304 based oxygen carrier [169], and between 95% and 99% over a CuO
based oxygen carrier [169]. They also demonstrated that it was possible to reach above
99% CO. yield with sulphur-free kerosene and sulphurous kerosene over ilmenite at 950
°C [173].

Moldenhauer et al. [170] also mentioned that although the fuel conversion at the lowest
temperatures (650-700 °C) is high enough, these temperatures are probably not very
realistic, especially for commercial applications. As oxygen release at such temperatures
Is so low that CLOU properties, which are an essential benefit of this material, can be
neglected. However, for using CLOU properties of oxygen carriers, very high
temperatures are required such as higher than 800 °C for CuO to reduce Cuz0, higher
than 700 °C for Mn,Os to reduce MnzO4 and higher than 750 °C for Co3O4 to reduce CoO
[23]. On the other hand, although CuO decomposition is not thermodynamically
favourable below 700 °C according to the Positive Gibbs free energy, the reaction
between CuO and C can be occurred between 200-1000 °C as mentioned by Siriwardane
etal. [175].
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Chapter 3
Proposed Application of CLC to FCC Units

CLC technology has been employed for the combustion of various fuels such as natural
gas, syngas, coal, biomass, petroleum coke, and hydrocarbon-based liquid fuels, with a
wide range of oxygen carriers including Fe;O3, CuO, NiO, Mn.0O3, and Co304, [20, 97,
108, 109], using lab and pilot scale reactors [23, 97, 98, 100, 103]. In addition to
producing CO> abundant flue gas, CLC serves to decrease NOx emissions as no direct
interaction between the air and fuel occurs. Compared to oxy-combustion and post-
combustion, CLC does not require capital-intensive air separation and generates flue gas
richer in COz (virtually no excess O present). In principle, commercial FCC catalysts can
be modified with an oxygen carrier. Since deactivated FCC catalysts typically contain
only 1-2 wt.% coke, relatively small amounts of oxygen carriers would be required for
the combustion (or oxidation) of the coke. Furthermore, there is the possibility of
incorporating oxygen carriers into the binders and fillers used in FCC catalyst

formulations.

The proposed CLC-FCC concept is presented in Figure 3.1. The oxygen carrier in the
fresh catalyst would be in a reduced state (designated MenOm-1/Cat) as it enters the FCC
reactor. The spent or deactivated catalyst with deposited coke assigned as Coke/MenOm-
1/Cat is then transferred to the regenerator. The MenOm-1/Cat catalyst would also be
circulated to the air reactor via another fluidised bed, where the reduced state is oxidised,
and so designated as Me,Om/Cat. By the mixing of Coke/MenOm-1/Cat and MenOn/Cat in
the regenerator, the coke would be oxidised to CO> + H.O while the oxidised oxygen
carrier reduced to MenOm1/Cat. The concentrated CO. is then captured from the
regenerator. The Me,Om-1/Cat is then circulated back to both the FCC reactor and the air
reactor. Given that the cracking and metal oxidation reactions are fast in relation to the
oxidized metal coke combustion, the average coke content of the catalyst in the
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regenerator would be low meaning that little CO2 would be lost through combustion in
the air reactor where the residence time would be short. The reactions for CLC of carbon
indicate that all heat is generated in the air reactor, and this needs to balance the heat
required for the combustion and cracking reactions. The net CLC reaction and the
reactions in the regenerator and air reactor for CuO, Co304 and Mn0Os3, are given in

reactions 3.1-.3.7.

Concentrated
CO: Products

Depleted
Air N
Coke/Me,, O,, _,/Cat
Me, 0,,/Cat

| -
e
Me 10_’"_— 1_/ _C it_ — §
\\\ ”79 D:

S 20 AN
~o ’72\1/ ' O

~ C: i
S o U : O
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CcOo, Fresh >~ N

Me, 0,,_,/Cat \‘» Feedstock
Figure 3.1. Schematic diagram of the proposed CLC-FCC process.
For coke combustion with CuO;

Regenerator: 4CuQ)+Cs)— 2Cu20)+ CO2(g) AH?=-101.5 kJ/mol (3.1)
Air reactor: 2Cuz0(s)+02(g)— 4CuOs) AHg=-292.0 kJ/mol (3.2)

For coke combustion with Co304;
Regenerator: 2C0304(s+Cs)— 6CoOi)+ COz2q  AH2=-38.9 ki/mol (3.3)

Air reactor: 6C00)+02(g)— 2C0304s) AHg=-237.9 kJ/mol (3.4)

For coke combustion with Mn203;
Regenerator: 6Mn20s(s)+Cs— 4Mn3Ose)+ COzq AHL=-190.7 kd/mol (3.5)
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Air reactor: 4Mn3Oq(s)+02(g)— 6Mn203(s) AHJ=-202.8 kJ/mol (3.6)

The net reaction from the regenerator and air reactors;

Net reaction: C(s)+ Ozg— COx(g) AH;=-393.5 ki/mol (3.7)

AH? and AHJ are the standard heats of reaction for the reduction and oxidation at 298K

and 1 atm.

Coke combustion with oxygen carriers may occur through a couple of mechanisms.
Firstly, the soft coke released from the coke deposited catalyst can combust with the solid
oxygen carriers. Secondly, hard coke can be combusted with the solid phase oxygen
carriers via solid-solid interactions between coke and oxygen carriers. Hard coke
combustion may occur with gas phase oxygen released from the oxygen carriers thanks
to their chemical looping with oxygen uncoupling (CLOU) properties. Finally, the
combustion of coke may occur by the gasification of coke thanks to CO2-Coke and H20-
Coke interactions. NOx emission is another issue in conventional FCC that demands a
control strategy [48], and CLC may be advantageous in that NOx emissions would be
lower than for normal combustion [96, 155].
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Chapter 4

Materials and Experimental Methods

4.1  FCC catalyst formulations

In order to assess the feasibility of the CLC-FCC concept, the FCC catalyst must first be
modified with reduced oxygen carriers, as illustrated in Figure 3.1. However, some
oxidised oxygen carriers modified FCC catalyst may pass through the regenerator without
full reduction, and so the cracking reaction may then occur on the oxidised oxygen
carriers modified FCC catalyst. Therefore, the FCC catalyst was modified with an oxygen
carrier (both oxidised and reduced) and prepared catalysts were tested in the cracking

reaction to demonstrate the effect of oxygen carrier modification.

According to the novel CLC-FCC concept, the oxygen carrier modified FCC catalyst
should have no significant effect on the cracking reaction in terms of conversion, yield,
and product selectivity. Moreover, these oxygen carrier modified FCC catalysts must
perform well in the regenerator to remove the coke deposited on FCC catalyst. A variety
of modification methods for the oxygen carriers into the binders of supports have been
presented in the literature such as mechanical mixing, impregnation, co-precipitation,
deposition precipitation, freeze granulation, hydrothermal synthesis, and sol-gel [20, 37,
38, 101, 103, 108, 113, 119, 125, 127, 129, 158, 176-187].

The mechanical mixing is one of the quick and easy processes to indicate which kind of
oxygen carrier has no significant effect on the cracking reaction, while density differences
between oxygen carriers and FCC catalyst, and inhomogeneity in the regenerator may
change the results. Impregnation is another process, which enables the preparation a novel
FCC catalyst combined with oxygen carriers. However, the physical and chemical
properties of the FCC catalyst such as surface area, pore volume, pore diameter, acidity

43



etc. may show differences. Both mechanically mixing and impregnation methods were

employed for the preparation of new generation oxygen carriers modified FCC catalyst.

4.1.1 Mechanical mixing of oxygen carriers with FCC catalysts

4.1.1.1 Preparation of reduced oxygen carriers

The reduction procedure for the oxidised oxygen carriers, CuO (98.0%), Co304 (99.0%),
and Mn203 (99.0%), supplied by Sigma Aldrich is as follows: Firstly, 20 g of oxidised
oxygen carriers (CuO, Co304, Mn203) was placed into a porcelain crucible within the
central zone of a horizontal tubular furnace. The furnace temperature was then increased
from room temperature to 900 °C, at a heating rate of 20 °C/min, and kept at this
temperature for 3 h under an N2 flow of 2 L/min. As demonstrated by reactions R2.10 —
R2.12 [23], at this temperature, the oxidised oxygen carriers; CuO, C0304, and Mn203,
are reduced to Cu20, CoO, and Mnz0s, respectively, thanks to CLOU properties. The

furnace was then switched off and allowed to cool to room temperature under N2 flow.

4.1.1.2 Preparation of oxidised and reduced oxygen carriers mixed ECat

For modifying the FCC catalyst, a refinery equilibrium catalyst (ECat, supplied by
Chemical Process and Energy Resources Institute (CPERI), Greece), a mechanical
mixing method was employed as shown in Figure 4.1. The required amount of oxygen
carrier; CuO, Co304, and Mn203, was determined by considering the amount of coke on
the FCC catalyst [74, 188-193] and the oxygen release capacity of oxygen carriers. The
reduced oxygen carriers, 0.23g of Cu, 0.51 g of Cu20, 0.81 g of CoO, and 1.64 g of
Mn304, were mechanically mixed with 4.0 g of ECat using a vertical angle rotator (PTR-
35, Grant-bio) for 20 min, and designated as M-Cu/ECat (5.4% of Cu), M-Cu.O/ECat
(11.3% of Cu20), M-CoO/ECat (16.8% of CoO) and M-Mn304/ECat (29.0% of Mnz0a).
Additionally, the oxidised oxygen carriers, 0.57 g of CuO, 0.87 g of C0z04, and 1.70 g of
Mn,O3, were mechanically mixed with 4.0 g of ECat by the same rotator for 20 min, and
designated as M-CuO/ECat (12.5% of CuO), M-Co0304/ECat (17.8% of C03z04) and M-
Mn03/ECat (29.8% of Mn20s).
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Figure 4.1. The mechanically mixing procedure of both reduced and oxidised oxygen carriers
with ECat.

4.1.2 Impregnation of oxidised and reduced oxygen carriers into FCC catalyst

Wet-impregnation was employed for the preparation of oxidised oxygen carrier modified
ECat, as demonstrated in Figure 4.2 [184, 194-196]. Firstly, a 25 ml aqueous solutions of
the required amount of metal nitrate salts, Cu(NO3)..3H>O (Acros Organics, 99%),
Co(NOs3)2.6H20 (Acros Organics, 99%), and Mn(NO3)..4H,0 (Alfa Aesar, 98%), were
prepared. The amount of oxygen carriers were calculated according to the
stoichiometrically required amount of oxidised oxygen carriers for the combustion of
coke deposited on the catalyst. The prepared nitrate solutions were then slowly added to
20 g of ECat, with thorough stirring at room temperature for 18 h. The impregnated
samples were then slowly dried at 60 °C for 24 h and 100 °C for 4 h. The dried samples
were then calcined at 550 °C for 30 min in an air atmosphere to decompose the
impregnated copper nitrate into cupric oxide (CuO), cobalt nitrate into cobalt oxide
(Co304 — Co00.C0203), and manganese nitrate into manganic oxide (Mn20s3). The
oxidised oxygen carrier impregnated FCC catalysts were then designated as I-CuO/ECat
(12.5 wt.% of CuQ), I-Co304/ECat (17.8 wt.% of C0304), and I-Mn,O3/ECat (29.8 wt.%
of Mn203). “I” represents the preparation method — Impregnation.

In order to prepare the reduced oxygen carrier impregnated ECat, the oxidised oxygen
carrier impregnated ECat were reduced using hydrogen in a commercial hydropyrolysis
rig [197] as shown in Figure 4.3. Firstly, 5 g of I-CuO/ECat, 1-Co304/ECat, and I-

Mn,Os/ECat was placed into a stainless steel reactor (9 mm by 25 cm). The reactor was
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then heated from room temperature to 300 °C (for the reduction of Mn2O3 — Mn3z0s),
350 °C (for the reduction of C0304 — CoO and CuO — Cu), and 450 °C (for the reduction
of Mn203 — MnO) with a heating rate of 20 °C/min and maintained at the target
temperature for 1 h under hydrogen flow (30 ml/min) and at 5 bar. Then the reduced
oxygen carrier impregnated ECat were then designated as I-Cu/ECat, 1-CoO/ECat, I-
Mn3O4/ECat, and 1-MnO/ECat.

A .
i Metal nitrate Aqueous solutions of metal nitrate salts, Cu(NOs),.3H,0,
' salt solution
c ! Co(NO3),.6H,0, and Mn(NO3),.4H,0 were slowly added
S ) .
'g : ECat v on 20g of ECat, with thorough stirring at room temperature
o for 18 h.
o !
g !
E |
X '
A .
i The samples were then slowly dried at 60 °C for 24 h and
! ECat «——
i 100 °C for 4 h.
g
g ; Impregnated . - H,0
i metal nitrate; -
: i.e. Cu(NOs)2 i
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Figure 4.2. Flowchart of wet-impregnation method used for the preparation of oxidised and

reduced oxygen carrier modified ECat.
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Figure 4.3. Commercial hydropyrolysis rig used for the reduction of oxidised oxygen carriers
impregnated ECat (hydrogen reduction).
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4.2  Catalytic cracking tests with the microactivity test (MAT) unit

4.2.1 Baseline cracking experiments

The catalytic cracking activity of prepared FCC catalyst, which was modified with both
oxidised and reduced oxygen carriers using mechanically mixing and wet-impregnation,
were investigated in a microactivity test (MAT) unit described in ASTM D3907-13 [76],
a standard test method for testing of FCC catalysts. This standard test (and experimental
set-up) is one of the most widely used systems for the testing activity of new cracking
catalysts [198-201]. As a standard test, it has some advantages such as requires only gram
quantities of catalysts, and this ideal for rapid screening of the candidate oxygen carriers.
However, it has received criticism that the results obtained do not always correlate with
those in the FCC reactors riser [69]. This arises from the much longer catalyst time of 75
s compared to 2-10 s in a riser, meaning much of the cracking in the MAT reactor occurs
on the deactivated catalyst. The lower reaction temperatures compared to those for oil
catalyst mixing in a riser leads to diffusion limitations due to incomplete vaporisation.
Nevertheless, the test would be highly satisfactory for screening the influence of the
oxygen carriers and understanding the impact of them on catalyst performance. The MAT
experimental set-up, illustrated in Figure 4.4 and Figure 4.5, consists of a Pyrex glass
tubular reactor with an internal diameter of 1.9 cm and length of 27 cm, temperature-
controlled tubular furnace, syringe pump, liquid product receiver and gas sampling bag.
The reactor is located in a cylindrical furnace whose temperature measured by a vertically
located thermocouple in contact with the glass wool just over the catalyst bed.

In the cracking experiments, n-hexadecane (CieHas, Purity: 99%, Alfa Aesar) was
selected as a model cracking feed, and the experimental conditions reported in the ASTM
D3907-13 standard were accordingly. Thermal cracking of n-hexadecane (without
catalyst) and catalytic cracking of n-hexadecane over commercial FCC catalysts (BASF-
FCC75, BASF-FCC76 and CPERI-ECat) were firstly carried out as baseline experiments
in the MAT unit.
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Figure 4.4. The experimental set-up of MAT unit, a) Flowchart and b) Picture [202].
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Figure 4.5. Details of the MAT unit experimental set-up [202].

For the baseline cracking tests, firstly, a piece of glass wool (for thermal cracking) and
then 4 g of commercial catalysts (FCC75, FCC76 and ECat) were placed between two
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pieces of glass wool in MAT reactor located in the tubular furnace. The reactor
temperature was then increased to 482 °C (= 5 °C) with a heating rate of 20 °C/min, under
a N2 flow of 20 ml/min. Once the reaction temperature had been attained, the system was
purged with N2 for 30 min. The feed, n-hexadecane, was then introduced to the MAT
reactor at a rate of 1.38 ml/min for 75 s. During this injection period, the N2 flow was
switched off, and the feed injection temperature was controlled by a vertically located
thermocouple in contact with the glass wool bed. After injection, the reactor and the
product recovery system were purged with an N2 flow of 20 ml/min for 15 min. The liquid
products were condensed in the liquid product receiver using a water-ice bath, and the
cracked gases were collected in a 1 L gas sampling bag. In order to eliminate experimental
error, the tests were repeated three times, and the conversion, yield, and product

selectivity are presented with error bars representing one standard deviation.

4.2.2 Cracking of n-hexadecane over oxygen carriers modified FCC catalyst

The cracking activity of 4 g of ECat (modified with reduced/oxidised oxygen carriers)
was also investigated in the same experimental set-up using the same procedure as
described for baseline cracking experiments. Over 50 screening tests were conducted with

the catalysts;

e Prepared by mechanically mixing; M-Cu/ECat, M-Cu.O/ECat, M-CoO/ECat and
M-Mn304/ECat as reduced oxygen carriers mixed ECat, M-CuO/ECat, M-
Co0304/ECat and M-Mn;0s/ECat as oxidised oxygen carriers mixed ECat.

e Prepared by wet-impregnation; I-Cu/ECat, 1-CoO/ECat, I-Mn3O4/ECat and I-
MnO/ECat as reduced oxygen carriers impregnated ECat, I-CuO/ECat, I-
Co304/ECat and I-Mn20Os/ECat as oxidised oxygen carriers impregnated ECat.

4.2.3 Characterisation of cracking products

The liquid products were analysed using a Clarus 580 GC (Perkin Elmer Elite-1 phase 60
m x 0.25 mm x 0.25 pm capillary column) fitted with an FID detector. An aliquot, 1 pl,

of the liquid sample (diluted in dichloromethane) was injected at 250 °C with helium as
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the carrier gas. The gas products were immediately analysed after collection in the gas
sampling bag using a Clarus 580 GC fitted with an FID and TCD detectors for the
hydrocarbon and non-hydrocarbon gases respectively, operating at 200 °C. 5 ml of gas
samples were injected (split ratio 10:1) at 250 °C with separation performed on an
alumina plot fused silica 30 m x 0.32 mm x 10 pm column, with helium as the carrier gas.
The oven temperature was programmed from 60 °C (13 min hold) to 160 °C (10 min
hold) at 10 °C/min. In addition to the liquid and gaseous products, the carbon (coke)
contents of the used catalysts were determined by elemental analysis using a Leco CHN-
628 analyser. Further details presented in “4.4.7. Elemental analysis of coke deposited on

prepared catalysts”.
4.2.4 Data evaluation of the catalytic cracking tests

Conversion of n-hexadecane (Equation 4.1 and 4.2) to coke, liquid, and gas (Equation
4.3-4.5) and product selectivities (Equation 4.6) to Ci (dry gas), Css (LPG), Cs.

15 (gasoline), Cie+ (higher hydrocarbons), and coke were determined as;

Conversion (overall) wt. % = —cteo=Weier , 10 (4.1)
Wcis,0

Wecie,0—(WcietWeo,) "
Wecis,0

Conversion (excluding CLC) wt. % = 100 (4.2)

Wei6,0- Weight of n-hexadecane feed ()
We16: Weight of uncracked n-hexadecane in the products (g)

Weo2: Total weight of carbon in carbon dioxide in the products (g)

Gas yield (wt. %) = W‘ng 100 (4.3)
16,0
Coke yield (Wt. %) = —~—+ 100 (4.4)

C16,0

_ (Wci16,0~Wcie~Wg—Wc) N
Weie,0

Liquid yield (wt. %) 100 (4.5)

Weie,0: Weight of n-hexadecane feed ()
W16 Weight of uncracked n-hexadecane in the products (g)

Wy: Total weight of gas products (g)
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W¢: Total weight of coke (g)

— Wi 4100 (4.6)

Selectivity (wt. %) = W
products

W;: Weight of the product; Ci- (dry gas), Cz.4 (LPG), Cs.15 (gasoline), Cue+ (higher hydrocarbons)
and coke, (g)
2 Wproducts: Total weight of the products Ci-2, Cs4, Cs.15, Cas+, and coke (g)

4.3  Chemical looping combustion tests of coke with oxygen carriers

To investigate the combustion of coke deposited on FCC catalyst with the oxygen
carriers, CLC tests were carried out using a thermogravimetric analyser (TGA-Discovery,
Figure 4.6), which can operate with fast heating rates. During the TGA experiments,
because of the low carbon contents (ca. 1%) of the used ECat and the weight limitation
of TGA pans, a low volatile semi-anthracite Welsh coal having a similar chemical
composition (presented in Table 6.1) to FCC coke was selected as a model FCC coke.
While the TGA tests of model coke combustion with bulk oxygen carriers provided
insight to the CLC possibility of FCC coke, the results were limited by the low amount
of model coke (approximately 5-10 mg) able to be combusted in the TGA pan. A lab-
scale fixed-bed and fluidised-bed reactors equipped with an online gas analyser
(ThermoStar TM GSD 301 T) (FxB-MS and FsB-MS) were therefore employed to obtain
more accurate and realistic data for the combustion of coke deposited on the prepared

catalysts with oxygen carriers impregnated ECat.

] .M ] ' I . Touch

. = - = panstray [

Figure 4.6. Discovery TGA from TA Instruments.
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4.3.1 Chemical looping combustion tests in TGA

Before the TGA experiments of model coke combustion with bulk oxygen carriers (CuO,
C0304, and Mnz03), characterisation of model coke and behaviour of bulk oxygen carriers
were employed using the Discovery TGA. The TGA tests were then employed to screen
the combustion behaviour of model coke with bulk oxygen carriers.

4.3.1.1 Characterisation of model coke (low volatile semi-anthracite)

The model coke (WC, low volatile semi-anthracite Welsh coal) was characterised by
proximate and ultimate analyses. The model coke was firstly dried at 105 °C for 24 h and
then to collect the samples in 53-75 um, grinded and sieved. The proximate analyses were
performed in the Discovery TGA using the following procedure. Approximately 30 mg
of model coke was loaded in a platinum pan (4 mm in depth and 10 mm in diameter) and
heated from ambient temperature to 110 °C with a heating rate of 50 °C/min and kept at
this temperature for about 10 min under N2 (100 ml/min) to remove the moisture. After
the moisture was removed, the mixture was heated to 1000 °C with a heating rate of 50
°C/min under the same N> flow rate and kept about 20 min to remove the volatile matter.
Finally, to combust the fixed carbon, N> flow was replaced by air with a flow rate of 100
ml/min at 1000 °C for 15 min. The ultimate analysis of model coke was determined using
Leco CHN 628 for the amount of carbon, hydrogen, nitrogen and Leco 628-S for the
amount of sulphur content. (Further details about ultimate analysis are presented in the
following section “4.4.7 Elemental analysis of coke deposited on prepared catalysts™).

In order to clarify the reduction steps of oxygen carriers, approximately 50 mg of oxidised
oxygen carriers CuO, Coz04 and Mn203 was loaded in the platinum TGA pan. The sample
was heated from ambient temperature to 110 °C with a heating rate of 50 °C/min and kept
at 110 °C for 10 min under N2 (100 ml/min) to remove the moisture. After the moisture
was removed, the sample was heated from 110 °C to 900 °C with a heating rate of 500
°C/min under the N2 flow for 20 min to demonstrate the weight loss, due to the CLOU
properties of oxygen carriers (oxygen releasing during the reductions from CuO to Cuz0,
C0304 to CoO and M203 to Mn30a).
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4.3.1.2 CLC tests of model coke with oxygen carriers

The model coke was physically mixed with the oxygen carriers, CuO, Co304, and Mn,O3,
at three oxygen excess numbers including R=0.5, 1.0, and 2.0, which is defined as the
molar ratio of oxygen to fuel. For example, each gram of model coke stoichiometrically
required 22.74 g of Cu0O, 34.50 g of Co304, and 67.87 g of MnO3 for the combustion
under the oxygen excess number of R =1.0. After mixing of oxygen carrier and model
coke, the mixture was loaded in the platinum pan. The mixture was then heated from
ambient temperature to 110°C with a heating rate of 50 °C/min and kept at this
temperature for 5 min to remove all the moisture. It was then rapidly heated from this
temperature to combustion temperature, 700-900 °C, with a heating rate of 500 °C/min
under a N2 flow rate of 100 mi/min and held at the final temperature isothermally, under
same N flow rate, until combustion either was completed or had reached a limiting value.
Finally, to burn off any remaining fixed carbon, the N2 flow was replaced by air at the
same temperature for 15 min. The TGA tests were repeated three times in order to reduce

systematic errors.

4.3.1.3 Data evaluation of CLC tests in TGA

The combustion of fixed carbon in the model coke and fractional reduction (Xr) were

calculated using Equations 4.7 and 4.8, respectively [102, 112, 160].

Combustion (of model coke) wt.% = ::IIHC'f + 100 (4.7

HC,0

My - Actual mass loss of fixed carbon (hard coke) from TGA graph (g)

Myc,o: Theoretical mass of fixed carbon (hard coke) determined from carbon content (g)

_ My—M¢

Xp =
R Mo—M¢

(4.8)

Xg: Fractional reduction of coke + oxygen carrier mixture

My: Mass of model coke + oxygen carrier mixture before combustion (g)
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Mg: Mass of completely combusted model coke + oxygen carrier mixture (reduced oxygen carrier

+ash), (9)
M;,: Instantaneous mass of model coke + oxygen carrier mixture (g)

4.3.2 CLC tests of FCC coke with oxygen carriers in FXB-MS unit

The validity of the experimental results obtained from TGA was investigated using a lab-
scale fixed-bed reactor, equipped with an online mass spectroscopy (FxB-MS). The
products (CO2, CH4, and Hz) from the combustion of model coke with CuO were
determined using the ratios of m/z (44, 15, and 2) in MS. The effects of temperature and
oxygen carriers on the combustion of MAT coke (MC; deposited on ECat during the
MAT tests) were investigated using the FxB-MS unit.

4.3.2.1 Comparison of combustion profiles of model coke in TGA and FxB-MS units

The combustion of model coke with bulk CuO was investigated with the FxB-MS unit
(Figure 4.7) using the following experimental conditions; 0.054 g of model coke (low
volatile semi-anthracite, consisting of 77.4 wt.% of C and 3.77 wt.% of H) were
physically mixed with stoichiometrically required amount of CuO (~1.27 g). The mixture
was then placed in a quartz reactor, heated from ambient temperature to the combustion
temperature (850 °C) with a heating rate of 20 °C/min under an N2 flow rate of 35 ml/min
and the temperature was maintained at this level until the combustion finished. The
combustion products were simultaneously analysed in the online MS integrated with
fixed-bed.

4.3.2.2 Identification of combustion products of the model and MAT cokes with CuO

The CLC tests were repeated using ~0.92 g of MAT coke (consisting of 4.55 wt.% of C
and 0.37 wt.% of H) deposited on ECat during the cracking of n-hexadecane with ~1.38
g of bulk CuO at the same conditions mentioned above using the FxB-MS unit. In the
CLC tests of MAT and model cokes, the amount of carbon was kept the same to get an
easy comparison on the combustion behaviours and products. The combustion gases such

as COg, Hz, and CH4 were screened by the online MS.
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Figure 4.7. The experimental set-up of FXxB-MS unit, a) Flowchart and b) Picture

4.3.2.3 Calibration graph for the converting of ion current to the percentage of CO> in

combustion gases

A calibration graph was produced for ion current vs the volumetric ratio of CO.. A group
of gas mixtures having different volumetric ratios of CO2 and N2 were prepared and
analysed in the online MS to get the specific ion current (A) values for the particular ratio

of CO2 mixtures. Then the calibration graph for the MS unit was produced.
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4.3.2.4 Effects of the temperature on the combustion of MAT coke with bulk CuO

To investigate the effect of temperature on the combustion of coke deposited on ECat
(MAT coke) with bulk CuO, stoichiometrically required amount of CuO (~1.32 g) and
coke deposited ECat (~0.88 g) were mixed and placed in the quartz reactor in the FxB-
MS unit. The mixture was then heated from ambient temperature to the combustion
temperatures, 700, 750, 800 and 850 °C, with a heating rate of 20 °C/min under an N>
flow rate of 35 ml/min and the temperature was kept at this level until the combustion
completed. The combustion gases were simultaneously screened by an on-line MS as ion
current and transformed to CO> flowrate using calibration graph.

4.3.2.5 Effects of the bulk oxygen carriers, CuO, Co304, and Mn2O3z, on the combustion
of MAT coke

To investigate the effects of oxygen carriers on the CLC of MAT coke, coke deposited
ECat catalysts were mixed with the stoichiometrically required amount of oxidised
oxygen carriers; CuO, Co304, and Mn20s. ~0.92 g coke deposited ECat was mixed with
~1.38 g of CuO, ~0.89 g of coke deposited ECat was mixed with ~2.02 g of C0304, and
~0.93 g of coke deposited ECat was mixed with ~4.17 g of Mn2Os. Then, the combustion
of coke deposited on ECat was investigated in the FxB-MS unit using the same
experimental procedure (heating rate and flow rate of carrier gas) described above at a

combustion temperature of 800 °C.

4.3.3 CLC test of coke deposited on reduced oxygen carriers impregnated ECat
with oxidised oxygen carriers impregnated ECat in FxB-MS and FsB-MS

units

The combustion of coke deposited on I-Cu/ECat and I-Mn3O4/ECat were investigated
with stoichiometrically required amount of I-CuO/ECat and 1-Mn,O3/ECat as proposed
in the novel CLC-FCC concept. ~1.85 g coke deposited I-Cu/ECat (0.939 wt.% of C and
0.062 wt.% of H) was mixed with ~4.64 g of I-CuO/ECat (0.56 g of CuO) and ~1.85 g
coke deposited I-Mn304/ECat (0.949 wt.% of C and 0.097 wt.% of H) was mixed with
~6.24 g of 1-Mn203/ECat (1.81 g of Mn203). The samples placed into a quartz reactor
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which located in FxB-MS unit and heated from ambient temperature to the combustion
temperatures, (750 and 800 °C) with a heating rate of 20 °C/min under a N> flow rate of

35 ml/min.
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Figure 4.8. a) Schematic diagram and b) picture of FsB-MS experimental set-up (Rd: reduced
oxygen carrier, Ox: Oxidised oxygen carrier)

Additionally, the combustion tests of coke deposited on I-Cu/ECat, and 1-Mn304/ECat
with I-CuO/ECat and I-Mn,Os/ECat were investigated in a lab-scale fluidised-bed reactor
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(FsB-MS, Figure 4.8) using a minimum fluidising velocity (U/Ums = 1.0). The mixture
was placed in a quartz fluidised bed reactor, which was located into the tubular furnace
as demonstrated in FsB-MS, the flow rate was set to the minimum fluidisation flow rate
of N2 (~280 ml of N2/min). The reactor was then heated from room temperature to 750
°C, with a heating rate of 20 °C/min under an N2 flow rate of minimum fluidising velocity
and the temperature was kept at this level until the combustion finished. The
combustion% for all these CLC tests in FxB-MS and FsB-MS was calculated using

Equation 4.9.

. 0L — VC02,MS
Combustion (of MAT coke) (vol. %) = v 100 (4.9)

COZ,Coke

Veo, s Volume of CO, measured by MS after the combustion of coke with oxygen carrier (ml)

Vo, coke: VOIUMe of CO; calculated on the basis of carbon in the coke (ml)

The minimum fluidising velocity (umf) was determined using the same procedure
presented by Kunii and Levenspiel [203] and Yang [204]. If the particle Reynolds number
at minimum fluidising conditions lower than 20, the minimum fluidising velocity can be

determined using Equation 4.10.

_ dzz,(ps—pg)g " g?nf(bg

dpUmsp
Reyms =-F Z‘ z (4.12)

Uy Minimum fluidisation velocity (cm/s)

d,: Particle diameter (cm)

ps: Density of solids (kg/cmd)

pg- Gas density (kg/cm®)

g: Acceleration of gravity (980 cm/s?)

w: Viscosity of gas (kg/m.s)

&y Void fraction in a bed at minimum fluidising conditions
@ Sphericity of a particle (dimensionless)

Rep, my: Particle Reynolds number at minimum fluidising conditions (dimensionless)
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The particle diameter of the ECat catalysts (d,,) was measured about 75 microns (0.0075
cm) by sieving method. Furthermore, it was assumed that the particle diameter was not
dramatically changed after the impregnation of oxygen carriers neither coke deposition.
The density of solid (p,) for Cu-based experiments was assumed an average density of I-
CuO/ECat (2.84 g/cm®) and I-Cu/ECat (2.77 g/cm?®), which is 2.80 g/cm?3. Similarly, the
density of solid for Mn-based experiments was assumed the average density of I-
Mn2O3/ECat (3.11 g/cm?®) and I-Mn3sO4/ECat (3.05 g/cm?), which is 3.08 g/cm?. The gas
density (p4) and viscosity (u) for carrier N2 were found as 0.001251 g/cm? and 0.000176
g/cm s, respectively. The catalyst pellets are spherical, thus, the sphericity of particle (@)
must be 1.0 (the fragmentation of the catalyst particle after oxygen carrier impregnation

was neglected). The void fraction in the bed can be read as 0.485 from the chart, “e,,; as

a function of d,, for fine particles” presented by Xu and Zhu [205].

From Equation 4.10, the minimum fluidisation velocity can be determined as;
Uy =1.29 cm/s for the combustion of Coke/I-Cu/ECat with I-CuO/ECat
umr =1.42 cm/s for the combustion of Coke/I-Mn304/ECat with I-Mn2Os/ECat

From Equation 4.11, the particle Reynolds numbers can be found as;
Rey, mr = 0.069 for the minimum fluidising velocity of 1.29 cm/s

Re, ms = 0.075 for the minimum fluidising velocity of 1.42 cm/s

Thus, both particle Reynolds numbers are lower than 20, the Equation 4.10 is suitable for

the calculation of minimum fluidising velocity.
4.4  Characterisation of fresh and used oxygen carriers modified ECat

The crystalline phases of oxygen carrier modified ECat was identified by X-ray powder
diffraction (XRD). The surface morphology and qualitative elemental composition of
catalyst was investigated by Scanning electron microscope (SEM) and Energy-dispersive
X-ray spectroscopy (EDS) mapping, respectively. The ratio of oxygen carrier
impregnated on the ECat was quantitatively measured by X-ray fluorescence (XRF). The

textural properties such as surface area and pore structure, were measured by N>
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adsorption-desorption method. The true densities of the oxygen carriers impregnated
ECat catalysts were evaluated by Helium Pycnometer. The Bronsted and Lewis acidities
of the catalysts were measured by Fourier-transform infrared spectroscopy (FTIR).
Finally, the amount of carbon (coke) which was deposited on oxygen carrier modified

ECat catalysts was measured by elemental analysis.

4.4.1 X-ray powder diffraction (XRD) analysis

XRD analysis can be used for the identification of crystalline phases presents in each
oxygen carriers [128, 129, 146, 183, 206, 207]. The crystalline phases of the oxygen
carriers modified ECat were measured by Siemens D500 X-ray powder diffractometer
with Cu-Ko having a wavelength of 0.15406 nm radiation operating at 40 kV and 35 mA.
Both fresh and used oxygen carrier modified ECat catalysts having a particle size of 53-
150 pum were placed into a sample holder and using a press on the top of the sample side
until a smooth surface was obtained. Subsequently, the samples were scanned over a 26
range of 5° to 55° with a step size of 0.05° and a step time of 2 s. The XRD results were
correlated with the references, Joint Committee on Powder Diffraction Standards
(JCPDS).

4.4.2 Scanning electron microscope (SEM) and Energy-dispersive X-ray

spectroscopy (EDS) analysis

SEM is used for the surface characterisation of oxygen carrier modified catalyst in terms
of chemical and physical properties [127-129, 206, 208, 209]. The surface morphology,
sintering and agglomeration of the oxygen carrier modified ECat catalysts were scanned
using a JEOL JSM 6490LV instrument. The sample preparation technique of SEM-EDS
analysis is explained as followed; both fresh and used catalysts having a diameter lower
than 150 um were sprinkled onto a carbon tape which was stick on an SEM holder. The
samples were then coated using carbon for 10 min using QUORUM Q150R ES rotary
pumped coater in order to enable the conductance of the catalysts. The carbon-coated
fresh and used catalysts (ECat and oxygen carriers modified ECat) were located in JEOL
JSM 6490LV microscope and imaged at different magnifications of 100, 20, 10 and 2 um

at 20 kV accelerated voltage using secondary electron imaging (SEI) modes.
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Additionally, the elemental characterisation, especially the distribution of impregnated
oxygen carriers on ECat catalysts have been identified by EDS mapping and spectrums
using Oxford X-Max spectroscopy. The qualitative elemental analysis of the oxygen
carrier impregnated ECat catalysts was performed in a spot mode where the beam is
focused on a single area or point manually chosen in the field of view. The selected

locations are presented on the SEM images with using a square (o) or a plus (+) signs.

4.4.3 Energy-dispersive X-ray fluorescence (XRF) analysis

In addition to qualitative elemental characterisation with EDS, the oxygen carrier
impregnated on ECat has been measured by XRF using Panalytical Epsilon 3-XL. The
samples, both fresh and used oxygen carrier impregnated ECat catalysts having a powder
form, were filled in a pot having a diameter of 27 mm. Due to a thin Prolene film having
a thickness of 4.0 um placed at the bottom of the pot, the X-rays can quantitatively
measure the elemental composition of the samples using a 40kV Ag-anode X-ray tube,

calibrated by internal Omnion calibration programme.

4.4.4 Analysis of textural properties with N2 sorption

The textural properties of prepared oxygen carrier impregnated ECat catalysts derived
from nitrogen sorption measurements were conducted using a Micromeritics ASAP 2420
(Micromeritics) N2 sorption instrument. Prior to analysis, approximately 0.2 g of catalyst
was degassed under vacuum at 150 °C for 15 h to remove adsorbed gases and moisture
on the samples. The nitrogen isotherms were measured a range of relative pressures (p/p°)
from 0.01 to 0.99 at -195.85 °C in liquid nitrogen. The specific surface area of the samples
was calculated according to the Brunauer, Emmett, and Teller (BET) method and the pore
volume was determined using Barrett, Joyner, and Halenda (BJH) method using
Microactive Software V3.0. Furthermore, the micro surface area and pore volume were
calculated using the t-plot method, which is the most commonly used method to
determine the external surface area and micropore volume of porous materials.
Additionally, the average and neck diameters of the pores are measured by the BJH

method.
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4.4.5 True density analysis

The true density of fresh and used oxygen carrier impregnated ECat catalysts were
measured by a Micromeritics AccuPyc 11 1340 Gas Pycnometer. The equipment is a gas
displacement pycnometer measuring the pore volume of the solid samples by differences
of the volume of sample chamber and expansion chamber which was modified by the
ratio of gauge pressure after fill and expansion. The volumes used in the calculation were
measured with helium using a sample holder having a volume of 1 cm?®. The true density
of the samples was calculated by the ratio of sample mass and sample volume. Instrument
schematic diagram is presented in Figure 4.9.

Sample
Chamber Expansion
— —_—
Fill Expansion Vent

Figure 4.9. Schematic diagram of AccuPyc Il 1340 pycnometer

4.4.6 Fourier-transform infrared spectroscopy-pyridine (IR-Py) analysis

The nature of acid sites (Bronsted and Lewis) of prepared catalysts were characterised
using pyridine as a probe molecule and scanned using a Bruker Tensor 27 Fourier
transform infrared spectroscopy (IR-Py). The sample preparation technique for the IR-Py
analysis is explained as followed, before the pyridine adsorption on catalysts,
approximately 0.5 g of catalyst was dried at 120 °C for 24 h. After samples cool down,
pyridine was introduced to the sample using droplets until the catalysts are all covered by
pyridine. The catalysts were then kept at room temperature for 16 h for the impregnation
of pyridine molecules into the pores of the catalyst. Then the samples were degassed at
120 °C for 3-4 h. 16 mg of pyridine adsorbed catalysts were then physically mixed with
250 mg of KBr and palletised by pressing the sample powders at 10 kPa. The pelletised
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sample was then scanned 64 times per analysis at a 4 cm™ resolution within the 1400
1800 cm infrared region.

4.4.7 Elemental analysis of coke deposited on prepared catalysts

The elemental analysis of coke (deposited on oxygen carrier modified ECat) and model
coke were investigated by a Leco CHN-628 instrument. The basic principles of the
elemental analysis of coke are the dry combustion where the accurately weighed aliquot
of a sample is combusted to decompose it into gases; CO2, N2, H2O [210]. The analysis
principle of the equipment is presented in Figure 4.10.

| «-H? m

&

Figure 4.10. An elemental analysis instrument with vertical combustion furnace [210].

Approximately 0.15-0.20 g of used catalysts placed in tin foil cups are dropped from an
automated sample carousel (A) to the combustion tube (B) where the combustion
temperature held at ~1000 °C. The combustion gases, mainly CO2, H2O, and N, are swept
to the reduction tube (C), where the temperature is kept at about 700 °C, with a constant
helium flow. The gases are then passed through one or more chemical traps (D) to remove
the unwanted contaminating gas species. The species of interest gases, CO2, H>O, and N,
are chromatographically separated in a column (E) at 40-100 °C. The gases are then
detected at different times by a detector (F), infrared cells where the amount of carbon
and hydrogen were determined and the thermal conductivity cell where the amount of
nitrogen was calculated. The peaks belonging separated species are presented at different
times (G) that is the basis for estimating the abundance of the elements, C, H and N, in
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each used oxygen carrier modified ECat [210]. The analyses were repeated five times to

reduce any systematic error.

45  Chemical looping combustion of hydrocarbons with Cu- and Mn-Oxidises

4.5.1 Liquid fuels and oxygen carriers

In this study, n-hexadecane (CisHass, Purity: 99%, Alfa Aesar) and n-heptane (C7Hus,
Purity: 99%, Prolabo Chemicals) were selected as higher and lower hydrocarbon model
liquid fuels. The combustion of model liquid fuels was carried out over two different
oxygen carriers; namely, CuO (99%, Sigma Aldrich) and Mn2O3 (99%, Sigma Aldrich)

in a fixed bed microactivity (MAT) reactor system, presented Figure 4.4.

4.5.2 Baseline thermal cracking tests of liquid fuels

Thermal cracking of the liquid hydrocarbons was carried out in the MAT fixed bed reactor
using the following procedure. Although a fluidised bed reactor is the most common
reactor type used for CLC tests, such experiments have also been conducted in fixed-bed
reactors [211-214]. Firstly, a small amount of glass wool was placed inside the glass
reactor, which was then located in the tubular furnace. The reactor temperature was set to
482 °C (since the potential of low temperature CLC of higher hydrocarbons became
apparent during the cracking of n-hexadecane over FCC catalysts containing oxidised
oxygen carriers at 482 °C while investigating whether CLC could be integrated with FCC
for CO2 capture). When this temperature was attained, the reactor was purged with N for
10 min with a flow of 20 ml/min. Except where stated otherwise, approximately 0.60 ml
of the hydrocarbon fuel, either n-hexadecane or n-heptane, was then introduced to the
reactor at a rate of 0.03 ml/min for 20 min. During the injection period, the N> flow was
set to 1 ml/min, and the fuel injection temperature was controlled by a vertically located
thermocouple in contact with the glass wool bed. After injection, the reactor and product

recovery systems were purged with an N2 flow of 20 ml/min for 15 min.

The receiver, placed within a water-ice bath condensed the liquid products, and the gases

were collected in a 1 L gas bag. The liquid products were analysed using a Clarus 580
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GC (Perkin Elmer Elite-1 phase 60 m x 0.25 mm x 0.25 um capillary column) fitted with
an FID detector. An aliquot, 1 pl of the liquid sample (diluted in dichloromethane) was
injected at 250 °C with helium as the carrier gas. The gas products collected in a gas bag
were immediately analysed using a Clarus 580 GC fitted with FID and TCD detectors for
the hydrocarbon and non-hydrocarbon gases respectively, operating at 200 °C. 5 ml of
gas samples were injected (split ratio 10:1) at 250 °C with separation performed on an
alumina plot fused silica 30 m x 0.32 mm x 10 um column, with helium as the carrier gas.
The oven temperature was programmed from 60 °C (13 min hold) to 160 °C (10 min
hold) at 10 °C/min.

4.5.3 Combustion of model liquid fuels with oxygen carriers

The combustion tests of liquid fuels, n-hexadecane and n-heptane, with oxygen carriers
(CuO and Mn203) were conducted in the same experimental set-up, using the same
heating, N2 flow and sample injection protocols as for thermal cracking baseline tests.
The oxygen carriers; 3 g CuO or 6 g Mn2O3z, with masses selected to give the same oxygen
transfer capacity, were placed between two pieces of glass wool in the glass reactor. In
addition to the liquid and gaseous products analysed as described above by GC, the coke
deposited on the used oxygen carriers was quantified by elemental analysis using a Leco
CHNG628 instrument.

4.5.3.1 The effect of fuel to oxygen carrier equivalence ratio

The equivalence ratio is the ratio of the molar flow rate of fuel to that of oxygen, ¢, [215,
216]. The definition of the equivalence ratio is asymmetrical relative to fuel-lean (0<¢<1)
and fuel-rich (1<¢<o0) conditions [216]. To demonstrate the effects of fuel to oxygen
carrier equivalence ratio, the liquid fuels were introduced to the fixed-bed reactor at 0.03
ml/min for different fuel to oxygen carrier equivalence ratios (¢: 0.7, 1.0, 1.3, and 2.0),
with all other experimental conditions unchanged. For the different equivalence ratios,
while the amount of oxygen carriers were adjusted the same, 3 g of CuO and 6 g of Mn.O3,
the amount of fuel injected was varied (n-hexadecane 0.158, 0.226, 0.293, and 0.452 mL;
n-heptane 0.175, 0.251, 0.321, and 0.502 mL).
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4.5.3.2 The effects of fuel feed rate and residence time

To investigate the effects of fuel residence time within the reactor, the CLC of n-
hexadecane was carried out using 2 g of inert sand mixed with the 3 g of CuO (SaCuO;
40:60 wt.%) at different volumetric feed flow rates; 0.03, 0.1, 0.2, 1.4 ml/min for ¢: 0.7
with the same experimental procedure. This has the effect of increasing the volume of the
reactor bed by 70%, and so increasing the residence time that the liquid feed is in contact
with the oxygen carrier by the same amount. In addition to the increase in the bed volume,
the residence time of n-hexadecane in the reactor was also investigated with using
different carrier gas volumetric flow rates of 0.5, 1.0, and 2.0 ml/min over CuO at 0.2

ml/min feed flow rate and for ¢ being 0.7.

4.5.3.3 The effect of temperature

To investigate the temperature effects on the performance of the combustion of model
coke with oxygen carrier, the CLC of n-hexadecane were investigated with CuO for a
fuel to oxygen carrier equivalence ratio of 0.7 at a feed flow rate of 0.2 ml/min at eight
different temperatures of 320, 360, 380, 400, 440, 482, 520, 560 °C. The heating rate, N>
flow, sample injection and product collection protocols were exactly the same as for

thermal cracking baseline tests.

4.5.3.4 Multiple cycles tests of CuO with n-hexadecane combustion

The impact of repeated cycles of n-hexadecane combustion on the performance of the
oxygen carriers was investigated with bulk CuO and fuel to oxygen carrier equivalence
ratio of 1.3 at a feed flow rate of 0.03 ml/min over seven reduction and oxidation cycles.
For the first five cycles, after each reduction of CuO with n-hexadecane, the reduced form
Cu particles were oxidised at 700 °C for 20 min in a muffle furnace and then reused for
the next combustion experiment. To ensure complete oxidation of the reduced form
oxygen carrier for the 6th and 7th cycles it was re-oxidised at 700 °C and 900 °C for 60
min respectively. The multiple cycle tests were repeated using CuO/Al203 (80:20 wt.%),
which was prepared by the co-precipitation method presented by Chuang et al. [178, 217,
218]. For the seven cycles, after each reduction of CuO/Al>O3 with n-hexadecane, the
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reduced form Cu particles were re-oxidised at 700 °C for 20 min and then reused for the
next cycle of combustion. These results were confirmed by measuring the CO> evolved
during the seven multiple cycles of combustion via ThermoStar TM GSD 301T mass

spectroscopy.
4.5.3.5 The combustion of methane over CuO at low temperature

In addition to the higher hydrocarbons, n-hexadecane and n-heptane, the reactivity and
combustion of methane (in the form of a gas mixture: 20% CHs4 + 80% He) was
investigated with CuO under similar experimental conditions using same experimental
set-up. The stoichiometric amount of methane (approximately 210 ml methane) was
introduced to 3 g of CuO placed in the microactivity reactor at 20 ml/min of 20% CHa4
and 80% He mixture at 482 °C. During this injection time, N, flow was switched off.
After the injection, the reactor and product recovery systems were purged with an N2 flow
of 20 ml/min for 15 min, and the products collected in the gas bag were immediately
analysed by using the Clarus 580 GC fitted with FID and TCD detectors.

45.4 Data evaluation

The equivalence ratio, ¢, was calculated using Equation 4.12, which was modified from
[215, 216]. The combustion% was defined as the ratio of the actual amount of CO;
produced by combustion and the maximum amount of CO: that can be provided either
full combustion of the liquid fuel (fuel-lean experiments) or full reduction of the oxygen
carrier (fuel-rich experiments). It was calculated using Equation 4.13. The vyield of the
products; coke, Ci6 (from methane to Cs hydrocarbons) and un-combusted liquid fuel
were calculated using the Equation 4.14 [169, 170, 172, 174]. Moreover, the oxygen
carriers can show different oxygen transport capacities according to their combustion
reaction. The oxygen transport capacities of oxygen carriers in CLC was calculated by
Equation 4.15 [170].

¢ =L (4.12)

Noc

¢: Equivalence ratio of fuel to oxygen carrier
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noc, np: Molar mass of oxygen carrier and liquid fuel, respectively

b: Stoichiometric coefficient for each reaction.

Combustion (of liquid fuels) wt. % = —<22— x 100 (4.13)

CO2,max

Weo,: Actual weight of CO; after combustion of liquid fuel with oxygen carrier (g)
W0, max: Maximum weight of CO, that can be produced either fully combustion of liquid fuel

(fuel-lean experiments, 0<¢<1) or fully reduction of oxygen carrier (fuel-rich experiments,
1<¢<o), (g)

v = 25 4100 (4.14)

WC,feed

v;: Yield of i (Cs.6, and un-combusted liquid fuel, wt.%)
W reea: Carbon based weight of liquid fuel (n-hexadecane or n-heptane), (g)

W ;: Carbon based weight of product i (CO, Ci, and un-combusted liquid fuel), (g)

R, = Mox"Mred (4.15)

Mox

R,: Oxygen transfer capacity
m,, and m,.4: Mass of oxygen carrier on the complete oxidation state and full reduction state,

respectively.
45.5 Characterisation of used oxygen carriers

In order to characterise the used oxygen carriers (CuO, CuO/Al203, and Mn203), the true
density of both the fresh and used carriers were measured by a Micromeritics AccuPyc Il
1340 Gas Pycnometer. The particle size distributions of oxygen carriers were measured
by sieving, ranging from 53 to 300 um. The fragmentation and agglomeration of fresh
and used CuO and CuO/Al203 were imaged by an SEM (JEOL JSM 6490LV) operated
at 20 kV accelerated voltage, using secondary electron imaging (SEI) modes. The
crystalline phases of the oxygen carriers were measured by a Siemens D500 X-ray powder

diffractometer (XRD) with Cu-Ko having a wavelength of 0.15406 nm radiation
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operating at 40 kV and 35 mA. The samples were scanned over a 20 range of 20° to 80°
with a step size of 0.02° and a step time of 2 s. The XRD results were correlated with the

references, Joint Committee on Powder Diffraction Standards (JCPDS).
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Chapter 5
Cracking Activity Test of Modified FCC Catalysts

5.1  Baseline cracking tests with commercial FCC catalysts

Prior to the cracking of the model feed (n-hexadecane) using the commercial FCC
catalysts, thermal cracking experiments were firstly conducted at a temperature of 482
°C in an empty microactivity test (MAT) unit in order to understand the contribution of
the thermal cracking on the conversion of the model cracking feed. These experiments
resulted in minimal cracking with lower than 3.0 wt.% of the initial n-hexadecane
converted to cracked products, with the remaining products composed of unaltered n-
hexadecane. The low contribution of thermal cracking of n-hexadecane in the catalytic
cracking is consistent with previous findings [219, 220] where the contribution of the
thermal cracking of n-hexadecane was found to be lower than 5% of the whole

conversion.

The catalytic activity of unmodified commercial FCC catalysts (FCC75, FCC76 and
ECat) was investigated with n-hexadecane cracking in the same experimental set-up using
the standard test method for testing FCC catalysts by the MAT unit (ASTM D3907) [76].
An example of the gas chromatogram for the liquid products is presented in Figure 5.1.
The numbers on the chromatogram demonstrate the presence of n-alkanes and DCM,
which represents dichloromethane, used as the solvent for the dilution of the liquid
products before injecting them to gas chromatography (GC). The liquid products were
identified using the library included within the GC-MS, and the peaks were also

confirmed by comparison with a known model mixture of the standard hydrocarbons.
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Figure 5.1. Gas chromatograms of the liquid products obtained from the cracking of n-
hexadecane over ECat, a) scale to nCg¢ b) scale to nCs. The numbers on the chromatograms

represent the presence of n-alkanes.

The chromatogram of liquid products in Figure 5.1. also shows that n-hexadecane cracked
into lighter chemicals from Cis to Ce. Furthermore, the cracking of n-hexadecane into
lighter hydrocarbons (lower than n-C11) was much higher than the hydrocarbons between
n-Ci2 and n-Cis. A group of reactions such as isomerisation, hydrogen transfer,
transalkylation, cyclization of the olefins to naphthanes, dehydrogenation, and
dealkylation, may occur in the FCC unit during the cracking reaction of FCC feeds [221].
As put forward by Betiha et al. [219], Christensen et al. [222], Hughes et al. [223] and
Abbot and Wojciechowski [224] for cracking of n-hexadecane over various kind of
catalysts, different products can be produced along with alkanes (paraffins). In addition
to the alkanes (paraffins), alkenes (olefins) were also clearly seen in the cracked products

on the chromatograms as it was mentioned that n-hexadecane is mainly cracked to not
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only alkanes but also alkenes [219]. Additionally, the produced alkenes may have
undergone dehydrocyclization (eliminate H* and H") to produce aromatic compounds
[219]. Furthermore, small amounts of hydrocarbons, larger than n-C16, were produced

by different combinations of cracked products.

Figure 5.2 shows that the gas products obtained from the cracking of n-hexadecane over
ECat consisted of a small amount of light gases (Ci-2); methane, ethane and ethene.
However, there were a large amount of liquefied petroleum gases (LPG); propane,
propene, butanes, and butenes, and higher hydrocarbons such as pentanes, pentenes, and
hexanes. In general, the quantity of alkanes was seen to be higher than the quantity of
alkenes because of the model feedstock chemical structure. Similar cracking results have
also been observed from the cracking of n-hexadecane over two zeolite catalysts;
AISBA15 and AIMFA by Betiha et al. [219]. Additionally, the findings have some
similarities with Christensen et al. [222] in which alkenes were not observed in the
product mixtures from the cracking of n-hexadecane over platinum modified ZSM-5

catalysts since they were quickly converted to alkanes at the high hydrogen pressure.
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Figure 5.2. Gas chromatogram of the gas products obtained from the cracking of n-hexadecane
over ECat at 482 °C.

To find out the activity of commercial FCC catalysts, the conversion of n-hexadecane,
coke, gas and liquid yields, and the selectivity of products such as C1-> (light gases), Cz-4
(LPG), Cs.15 (gasoline), Cie+ (higher hydrocarbons) and coke were determined and
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compared for these commercial FCC catalysts. Although gasoline is described as Cs-C12
products in the literature [65], it was just adjusted from Cs to Cis in this study because of
the low amount cracked products of Ci3-Cis. The conversion of n-hexadecane was
calculated by Equation 4.1, and the results are given in Figure 5.3 for three different
commercial catalysts (FCC76, FCC75, and ECat). The error bars on Figure 5.3-5.5
represent the standard deviation calculated from triplicate experiments.

100 ~
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FCC76 FCC75 ECat

Figure 5.3. Overall conversion of n-hexadecane with the commercial FCC catalysts, FCC76,
FCC75, and ECat.

Among these three commercial FCC catalysts, FCC75 and FCC76 demonstrate higher
conversion (at about 94 wt.% and 90 wt.% respectively) compared with ECat
(approximately 40 wt.%). This high conversion for the model cracking feed (n-
hexadecane) may attributed to active sites, which were all accessible on the FCC75 and
FCC76 catalysts as both were fresh commercial cracking catalysts supplied by BASF. As
in the conventional FCC units, in an effort to reach desirable yield values, a suitable ratio
of fresh and used cracking catalysts blends (which is called Equilibrium catalyst-ECat)
was used as a cracking catalyst. The classification of catalyst, both fresh and equilibrium,
allows for a targeted particle size distribution specific to a unit's design and operating
conditions that improve overall catalyst circulation and decreases fresh catalyst additions.
Furthermore, using both fresh and used catalyst mixture is economically more feasible
than using only fresh catalyst. Although each ECat demonstrates different conversion and

selectivity values, a previous research also reported similar n-hexadecane conversions
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over ECat (approximately 40 wt.%) [225]. Although the conversion for ECat looks lower
than that for FCC75 and FCC76, it can be adjusted with the blending ratio of fresh and

used cracking catalysts.

Whereas FCC76 and FCC75 showed better results in terms of gas yield (approximately
67 wt.%), the liquid yields were similar (15 wt.% for FCC76, 13 wt.% for FCC75 and 17
wt.% for ECat) as demonstrated in Figure 5.4. For the coke yield, while the commercial
ECat showed lower coke yield (about 1.5 wt.%), FCC76 and FCC75 were responsible for
much higher coke yields (9 wt.% and 13 wt.% respectively). The higher coke yield on
both FCC75 and FCC76 may be attributed to their fresh forms. Although the heat
produced by the regenerator during the combustion of coke deposited on FCC catalysts
is used for the heating of the riser, it is well known that the high amount of coke is
undesirable in conventional FCC units. Since the coke is generally deposited on the
catalyst and blocks the active sites and pores on the catalysts, which causes a decrease in
the catalyst activity, a periodic regeneration is necessary [189, 191, 219, 226] for this

catalyst.
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Figure 5.4. Coke, gas, and liquid yields from n-hexadecane cracking over FCC76, FCC75 and
ECat.

The product selectivities for C1-2 (light gases), Cz.4 (LPG), Cs.15 (gasoline) and coke from
the cracking of n-hexadecane were calculated by Equation 4.5, and the results are

presented in Figure 5.5 for ECat, FCC75 and FCC76. The selectivity of Ci-, for ECat is
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lower than that for the fresh commercial FCC catalysts. The high selectivity of C1.» over
fresh catalysts (FCC75 and FCC76) may be attributed to the micropores since further
cracking may occur in the micro-pores, enabling the formation of light gases. This lends
support to previous findings in the literature by Betiha et al. [219], who demonstrated that
the catalyst having more micro-pores than mesopores gives the highest C1-» distribution.
The selectivity of Cs.4 was estimated ~50 wt.% for FCC76, 53 wt.% for FCC75 and 34
wt.% for ECat, as shown in Figure 5.5. Additionally, the selectivity of Cs.15 for ECat (61
wt.%), was higher than that for both FCC76 (about 38 wt.%) and FCC75 (nearly 31
wt.%). As for the coke selectivity, it is quite a similar trend for both FCC75 (14 wt.%)
and FCC76 (10 wt.%), while it is higher compared with ECat, 3.6 wt.%. The selectivity
of C1e+ Was not presented in Figure 5.5 as it was lower than 0.5 wt.% for all of these three
catalysts. According to the selectivity results, it can be concluded that while the fresh
FCC catalysts are selective for the formation of LPG, ECat is much more selective for
gasoline production.
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Figure 5.5. Product selectivity for Ci-» (light gases), Cs.4 (LPG), Cs.15 (gasoline) and coke from n-
hexadecane cracking over FCC76, FCC75 and ECat.

Although the normalized elemental analysis demonstrated about 90 wt.% of carbon and
approximately 10 wt.% of hydrogen for these catalysts, the amount of carbon on the
commercial FCC76 (2.55 wt.%) and FCC75 (4.06 wt.%) were higher than that on the
ECat (0.45 wt.%) as seen in Table 5.1. Besides, the hydrogen ratio in the coke was slightly
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higher than previously published values where the hydrogen is about 2.0-4.0 wt.% [189].
The excess hydrogen was most likely resulting from the moisture content of the catalysts.

Table 5.1. Coke tests for fresh and used commercial catalysts, FCC76, FCC75 and ECat.

Catalvst State Coke on catalyst (wt.%) Coke composition? (wt.%)
y Carbon Hydrogen Carbon Hydrogen
FCCT6 Pure - 0.16 £0.01 - 100
Used 255+0.28  0.300.02 89.4+1.0 10.5+1.0
Pure - 0.30 +£0.03 - 100
FCers Used 4.06£0.43  0.43+0.06 904 +14 9.6+1.4
ECat Pure - 0.03 £0.01 - 100
Used 0.45+0.09  0.03+0.01 93.7+24 6.3+2.4

@ Normalized coke composition was calculated by (weight of carbon/ weight of coke)*100, wt.%.

The coke percentages measured on FCC76 and FCC75 were not feasible compared with
the coke on the catalysts using the conventional FCC unit, which is typically to be at
about 1.0 wt.% coke [189, 190, 192, 226]. Additionally, the increase in the coke
percentage would increase the amount of oxygen carrier required for the integration of
CLC into the FCC unit. Hence, to keep the amount of oxygen carrier to a minimum, ECat
seems more feasible for the modification of the oxygen carrier due to the realistic cracking
results of n-hexadecane. Moreover, as previously discussed, ECat is a commercially used
catalyst supplied by CPERI (Greece). Therefore, the results of oxygen carriers modified
by ECat is likely to be more realistic compared with other commercial fresh cracking

catalysts in terms of cracking reactions.

5.2  Cracking of n-hexadecane over oxygen carrier modified ECat prepared by

mechanical mixing

After choosing the commercial FCC catalyst, ECat having more realistic cracking results,
to demonstrate the effects of oxygen carriers modified ECat on the cracking reaction,
stoichiometrically required amount of oxidised oxygen carriers such as CuO, Co304, and
Mn203z and their possible reduced states such as Cu, Cu2O, CoO and MnsOas, were
mechanically mixed with ECat and then tested in the cracking of n-hexadecane using
MAT unit. Although the cracking reaction would be taken place over reduced oxygen
carriers modified FCC catalyst (MenOm-1/Cat) as mentioned on the proposed CLC-FCC
process (Figure 3.1), the oxidised oxygen carrier modified FCC catalysts (MenOm/Cat)
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which come from the air reactor, and it may pass through the regenerator without full
reduction. It is, therefore, possible to crack the cracking feed over oxidised oxygen
carriers modified commercial FCC catalyst. Hence, testing of oxidised and reduced
oxygen carriers modified ECat in the cracking reaction is highly important to investigate

any detrimental effect of these oxygen carriers on the cracking reaction.

5.2.1 The effect of oxidised oxygen carriers mixed ECat

5.2.1.1 Characterisation of oxidised oxygen carriers mixed ECat

Because of the preparation method, mechanical mixing, the oxygen carriers should not
have a detrimental effect on the surface or chemical structure of ECat as the oxidised
oxygen carriers, and ECat were commercially supplied. However, it is exceptionally
important to characterise the used oxidised oxygen carriers mixed ECat to identify the
interaction of oxygen carriers and cracking feed at the experimental conditions. The
oxidised oxygen carriers mixed ECat catalysts (M-Mn,O3z/ECat, M-Co304/ECat, M-
CuO/ECat) tested on cracking of n-hexadecane was characterised by XRD, and the coke
deposited on the catalysts was quantified by elemental analysis.

XRD analysis: The XRD patterns of fresh ECat, and used M-Mn,O3/ECat, M-
Co304/ECat, M-CuO/ECat proved that oxidised oxygen carriers; CuO, Coz04, and Mn;03
reduced to Cu, CoO and Mn3z0s during the cracking of n-hexadecane at 482 °C,
demonstrated in Figure 5.6. The XRD pattern of used M-Mn,O3s/ECat shown in Figure
5.6-b demonstrates that after cracking of n-hexadecane over M-Mn;Os/ECat, the
characteristic XRD peaks of Mn20Os3; 18.3°, 23.1°, 32.9°, 35.6°, 38.2°, 40.6°, 42.9°,45.1°,
47.2°,49.3°,53.2° (JCPDS no: 01-071-0636), were not present. Instead, the characteristic
XRD peaks of both Mn304; 18.1°, 28.9°, 30.9°, 32.3°, 36.08°, 50.8°9 (JCPDS no: 01-
080-0382), and MnO; 40.5° (JCPDS no: 01-078-0424) were present. Similarly, Figure
5.6-c shows two main characteristic XRD peaks at 36.5°, and 42.4° belongs to CoO
(JCPDS n0:00-043-1004) in the place of characteristic XRD peaks of C0304; 19.0°, 31.2°,
36.8°, 38.5°, 44.8° (JCPDS n0:00-042-1467). Additionally, two main characteristic XRD
peaks of Cu; 43.3° and 50.4° (JCPDS no: 01-085-1326) were apparent instead of the XRD
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peaks characteristic of CuO; 32.4°, 35.3°, 35.5°, 38.6°, 38.9°, 46.2°, 48.8°, 51.2°, 53.3°
(JCPDS no:01-080-0076), as demonstrated in Figure 5.6-d.
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Figure 5.6. XRD patterns of a) fresh ECat and b) used M-Mn,QOs/Cat, c) used M-Co304/ECat and
d) used M-CuO/ECat.

The oxygen carriers do not show CLOU properties at temperatures of around 482 °C [23,
96, 97, 227, 228]. Therefore, the reduction of the oxygen carriers can be explained by the
combustion reaction between the oxygen in the oxidised oxygen carriers and either
hydrocarbon feed or cracked products. Such a reduction has never been previously
reported in the literature. Another impressive result is that whereas full reduction from
CuO to Cu was observed, the other oxygen carriers Coz0s and Mn2O3 were only reduced
to CoO and Mn30g4, respectively. The differences in the reduction stage can be attributed
to the bonding energy between metal and oxygen in the oxygen carrier molecules. Further
explanation about the combustion of higher hydrocarbons (alkanes) with oxygen carriers
is presented in Chapter 7 under the title of “Selective low temperature chemical looping

combustion of higher alkanes with Cu- and Mn- oxides”.

Coke analysis: In order to investigate the coke deposition on the oxidised oxygen carriers
mixed ECat during the cracking of n-hexadecane, the carbon and hydrogen (coke)
percentage was measured by elemental analysis and presented in Table 5.2. The findings

confirmed that the mixing of oxidised oxygen carriers with ECat had a negligible effect
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on the amount of coke deposition, which was lower than 1.0 wt.% an acceptable range
compared with the coke deposition typically encountered in conventional FCC unit [189,
190, 223, 226, 229].

Table 5.2. Coke percentage on the catalysts and normalized coke composition of fresh ECat, used
ECat, M-CuOECat, M-Co3;04ECat, and M-Mn,O3ECat.

Coke on catalyst?, wt.% Coke composition®, wt.%

C
Catalyst Carbon Hydrogen Carbon Hydrogen HIC
Fresh ECat - 0.10 - 100 -
Used ECat 0.45 £0.02 0.03 +0.01 93.6 2.2 6.4 2.2 0.80
M-CuO/ECat 0.48 £0.01 0.07 £0.02 87.2+25 12.8 +2.5 1.75
M-Co304/ECat 0.57 +0.02 0.06 +0.01 90.4 £2.0 9.6 +2.0 1.26
M-Mn.O3/ECat 0.53 +0.01 0.05 +0.01 91.2+£1.7 8.8+1.7 1.13

3 Based on g Coke / g ECat. ® Normalized coke composition was calculated by (weight of carbon/ weight
of coke)*100, wt.%. ° The ratio of H/C was calculated by the weight of H*12/weight of C.

The coke level was estimated as 0.7% by Hughes et al. [229] for the cracking of n-
hexadecane. In another study, Hughes et al. [223] presented realistic coke levels (0.5-
1.0%) on the deactivated FCC catalysts tested under industrial operations. However,
according to Michalakos et al. [230], the amount of carbon deposition on the catalysts is
more significant once the commercial FCC feed used in the cracking reaction instead of
n-hexadecane. As in the case of n-hexadecane cracking, coke is usually formed by the
reactions subsequent to the cracking reaction, typically dehydrocarbonisation of olefins
[230]. However, as for the cracking of commercial FCC feed, it consists of molecules
with higher molecular weights, which increase the formation rate of olefins, and it also
contains aromatics, naphthalenes, sulphur, and nitrogen heterocyclic compounds that are
defined as strong coke precursors [230]. The initial carbon deposition rate and the final
carbon level for the commercial FCC feed are, therefore, greater than n-hexadecane.
Furthermore, coke deposition also depends on the catalyst type. Betiha et al. [219] found
that the catalytic activity of the catalyst decreases as the rate of coke formation increases
due to coke, covering acid sites and blocking the pores of the catalyst. The coke deposition
was, therefore, measured between 1.39-2.4 for the cracking of n-hexadecane over the
catalysts of SBA-15 and MFA type zeolites [219]. Similar findings were also presented
by Eberly et al. [231] who reported 2.39% of carbon deposition after the cracking of n-
hexadecane over the catalyst of Al,03/SiO.. Additionally, the ratio of H/C was similar to

the values presented in the literature, about 0.46-1.74 [189]. However, the hydrogen
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percentage (6.4-12.8 wt.%) in the coke composition was higher than the literature values
of 2-4 wt.% [189], which may be attributed to the moisture content of the catalysts.

5.2.1.2 Cracking of n-hexadecane over oxidised oxygen carriers mixed ECat

To demonstrate the cracking activity of M-CuO/ECat, M-Co304/ECat, M-Mn,O3z/ECat
catalysts, n-hexadecane conversion (both overall and excluding-CLC), coke, liquid and
gas yields and products selectivities were calculated by using Equations 4.1-4.6. The
conversion of n-hexadecane from the cracking reaction occurred over M-Mn,Os/ECat,

M-Co304/ECat, M-CuO/ECat catalysts are presented in Figure 5.7.
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Figure 5.7. Conversion (overall and excluding CLC) of n-hexadecane over the commercial ECat
and oxidised oxygen carriers mixed ECat; M-CuO/ECat, M-Co30./ECat, and M-Mn,Os/ECat.

The differences between the overall conversion, where CLC was included, and excluding
CLC conversion may arise from the amount of C in the CO> produced with additional
combustion during the cracking reaction. In terms of the conversion (excluding CLC), the
mixing of both CuO and Co0304 with ECat has an insignificant effect on conversion, which
was about 40 wt.%, whereas the mixing of Mn2O3 with ECat slightly enhanced it from 40
wt.% to nearly 47 wt.% as illustrated in Figure 5.7. This increase may be attributed to the
residence time of n-hexadecane in the oxygen carriers mixed catalyst bed. As the volume

of the catalyst bed increased about 25 vol.% with the mixing of Mn2Oz due to the higher
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amount of Mn2Oz required for the same oxygen capacity compare with C0304, and CuO
(increased only about 3 wt.% of bed volume).

Moreover, the mixing of oxidised oxygen carriers increased the overall conversion due to
the additional combustion. There was only one way to produce CO2 on this system, which
is the combustion of hydrocarbons with oxidised oxygen carriers. The differences
between overall and excluding CLC conversions are about 4 wt.% for M-CuO/ECat and
1 wt.% for both M-Co304/ECat, M-Mn.O3s/ECat. The higher overall conversion may
explain the reduction from CuO to Cu, C0304 to CoO, and Mn2O3 to a mixture of Mn3Oa-
MnO as demonstrated in XRD patterns (Figure 5.6).

Although CuO decomposition is not thermodynamically favoured below 700 °C
according to the Positive Gibbs free energy values, the reaction between CuO and C can
be favoured between 200-1000 °C as described by Siriwardane et al. [175]. Furthermore,
carbon can react with CuO at 482 °C and Cu20 at 624 °C [175]. Additionally, according
to the calculations and characterizations of this research, CuO can reduce to Cu with the
combustion of liquid hydrocarbons at a low temperature such as 482 °C. The reduction
of CuO to Cu at such a low temperature may be attributed to the minimal external mass
transfer at low combustion temperatures. Chuang et al. [187, 218] clarified that the
reduction of CuO with CO and H> followed the shrinking core mechanism, and proceeded
via the intermediate, Cu.O at high temperatures (~800 °C) when external mass transfer
controlled the rate [187, 218]. However, at lower temperatures, the external mass transfer
is minimal, and CuO can be reduced to Cu [187]. To identify the reduction of these
oxygen carriers with liquid hydrocarbons at the cracking conditions, a group of
combustion reactions of model hydrocarbon liquid fuels such as n-hexadecane and n-
heptane with CuO and Mn.Os were investigated and the results are presented under
Chapter 7 with a title of “Selective low temperature chemical looping combustion of

higher alkanes with Cu- and Mn- oxides ”.

As illustrated in Figure 5.8, oxidised oxygen carriers mixed ECat, M-CuO/ECat, M-
Co0304/ECat, and M-Mn,0O3/ECat, have a minimal effect on the coke yield, which is
between 1.5-1.9 wt.%. Whereas the gas yield was enhanced from about 22 wt.% to 33
wt.%, the liquid yield was reduced from 17 wt.% to 10 wt.% by the mixing of CuO with

83



ECat. The increase in gas yield must be attributed to CO> production, thanks to the
combustion of hydrocarbons with CuO. However, the mixing of both Co304 and Mn.O3
have a similar gas yield, approximately 22 wt.%. While the mixing of Co304 had an
insignificant effect on the liquid yield, about 17 wt.%, the mixing of Mn2O3 increased the
liquid yield from 17 wt.% to 26 wt.%.
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Figure 5.8. Coke, gas, and liquid yields from the cracking of n-hexadecane over commercial ECat
and oxidised form oxygen carrier mixed ECat; M-CuO/ECat, M-Co304/ECat, and M-
Mn203/ECat.

The effects of oxidised oxygen carriers mixing with ECat on the product selectivities are
demonstrated in Figure 5.9. The product selectivity was described as the weight
percentage of the product in the sum of cracked hydrocarbon products. For instance, the
selectivity of Ci.2 is the weight percentage of Ci.2 in the sum of products; Ci1-2, C3.4, Cs.
15, C16+, and Coke. The selectivity of Ci, and Cs4+ demonstrated an increase from 0.8
wt.% to 1.5 wt.% and from 34 wt.% to about 48 wt.%, respectively, using M-CuO/ECat.
However, the selectivity of gasoline decreased from 60 wt.% to about 46 wt.% for M-
CuO/ECat. That is the reason for higher gas yield and lower liquid yield, shown in Figure
5.8 for M-CuO/ECat. The increase in the selectivity of LPG (about 14 wt.%) is almost
equal to the decrease in the selectivity of gasoline for M-CuO/ECat. While the mixing of
CuO had a positive effect on the selectivity of LPG, it has negatively affected the gasoline
selectivity. On the other hand, the mixing of Co304 and Mn,O3 with ECat demonstrated
a negligible difference on selectivity of hydrocarbons such as Ci.2, Cs.4, Cs.15, and Cae-,

shown in Figure 5.9. The selectivity values are consistent with the previous studies [223,
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224, 229, 232] in which the product distributions of n-hexadecane cracking over a
standard FCC catalyst attain a maximum at the Cs, C4 and Cs region, following that there
is @ monotonic decrease in the product concentration to Cis. Christensen et al. [222]
demonstrated the same monotonic decrease on the cracked products from the cracking of
n-hexadecane catalysed by conventional and mesoporous ZSM-5 and Pt modified ZSM-
5. This monotonic decrease can also be obtained in the GC chromatograms presented in
Figure A1-2, Appendix A.
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Figure 5.9. Product selectivity of Ci., (light gases), Cs.4 (LPG), Cs.1s (gasoline), Cie+ (higher
hydrocarbons) and coke from the cracking of n-hexadecane over commercial ECat and reduced
form oxygen carrier mixed ECat; M-CuO/ECat, M-Co3;04/ECat, and M-Mn,O3/ECat.

Whereas M-Co304/ECat slightly increased the coke selectivity from 3.6 wt.% to 4.9
wt.%, both M-CuO/ECat and M-Mn,Os/ECat demonstrated approximately the same level
of coke selectivity (3.6 wt.%) with parent ECat. According to the results, the modification
of oxidised oxygen carriers with ECat using mechanically mixing have an insignificant
effect on the coke deposition at the cracking conditions thanks to the preparation method.
There is no carbon deposition on oxygen carriers such as CuO, Co304, and Mn2O3z, under
the CLC conditions [97, 172-174, 233, 234] where the combustion of hydrocarbons (gas,
liquid, and solid fuels) was investigated over oxygen carriers at relatively high
temperatures (750-1000 °C).
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5.2.2 The effects of reduced oxygen carriers mixed ECat

As mentioned in the proposed CLC-FCC process (Figure 3.1 in Chapter 3), the cracking
reaction would expect to be over reduced oxygen carriers modified FCC catalyst (MenOm-
1/Cat). Therefore, to investigate the effects of reduced oxygen carriers on the cracking
reaction, stoichiometrically required amount of oxidised oxygen carriers’ reduced States
such as Cu, Cu20, CoO and Mn3O4 were mechanically mixed with ECat, M-Cu/ECat, M-
Cuz0O/ECat, M-CoO/ECat, M-Mn304/ECat and tested on the cracking of n-hexadecane.
The ‘M’ used on the labelling demonstrates that ECat was modified with the oxygen

carriers using mechanically mixing.

5.2.2.1 Reduction of oxidised oxygen carriers

Although oxidised oxygen carriers (CuO, Co0304, and Mn2Oz) were commercially
supplied, the reduced states such as Cu20, CoO and Mn3Os were prepared from their
oxidised forms. The XRD patterns of prepared reduced oxygen carriers confirmed that
the reduction from CuO to Cu20, from C0304 to CoO, and from Mn2O3 to Mn3Oa4, were
successfully achieved, as shown in Figure 5.10. The peaks at 29.5°, 36.4°, 42.3°, 52.5°,
61.3°, 73.5°, and 77.2° on pattern-c were the characteristic peaks for Cu.O (JCPDS no:01-
075-1531), which reduction from CuO to Cu20 was achieved as the characteristic peaks
belonging to CuO (JCPDS no0:01-080-0076) were absent. The peaks at 36.5°,42.3°, 61.5°,
73.7°, and 77.5° on pattern-b indexed to the phase of CoO crystals (JCPDS no: 00-043-
1004) which proves that CosO4 was also successfully reduced to CoO. As for the
reduction of Mn2O3 to Mn3Og, the peaks at 18.1°, 29.0°, 31.1°, 32.3°, 36.1°, 38.0°, 44.4°,
49.7°,50.7°, 54.0°, 56.0°, 58.5°, 59.9°, 64.7°, 69.8°, 74.1°, and 76.5° on pattern-a prove
that the reduction was successfully achieved. In addition to the XRD patterns, the
reduction can be roughly understood by the colour changing as the colour of oxidised and

reduced oxygen carriers are presented in Figure 5.11.
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Figure 5.10. XRD patterns of the prepared reduced oxygen carriers; a) Mn3O4, b) CoO, ¢) Cu.0.
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Figure 5.11. Colour of both oxidised oxygen carriers (CuO, Cos04, Mn,0O3) and reduced oxygen
carriers (Cu;O, CoO, Mnz0.)

5.2.2.2 Characterisation of used reduced oxygen carriers mixed ECat

After the reduced oxygen carriers mixed ECat were tested with the cracking of n-
hexadecane, XRD analysis of used catalysts was investigated to identify any crystalline
deformation. Additionally, the coke percentage and coke composition deposited on M-
Cu/ECat, M-Cu,O/ECat, M-CoO/ECat, M-Mn304/ECat catalysts were quantified by

elemental analysis.
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XRD analysis: The characteristic ECat peaks (pointed with black stars) remain after the
reduced oxygen carriers mixed ECat catalysts, M-Mn3O4/ECat, M-CoO/ECat, and M-
Cu20O/ECat, tested in cracking reaction, as seen Figure 5.12. Although the characteristic
peaks for CoO remain for used M-CoO/ECat were seen in Figure 5.12-c, both M-
Mn304/ECat and M-Cu,O/ECat demonstrated a small reduction peak, belonging to MnO
(Figure 5.12-b) and Cu (Figure 5.12-d).
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Figure 5.12. XRD patterns of a) fresh ECat and b) used M-Mnz;O4/ECat c¢) used M-CoO/ECat d)
used M-Cu,O/ECat

These reductions might be attributed to the low amount of oxidised oxygen carriers,
which were in the prepared reduced oxygen carriers. As the intensity of the first reduced
states (Mn3O4 and Cu20) were much higher than that of the further reduced states (MnO
and Cu). Although a low amount of reduction was observed after the cracking of n-
hexadecane over reduced oxygen carriers mixed ECat, the catalysts were still mainly
composed of their original reduced states (Cu.O, CoO, Mn3O4) after the cracking
reaction. In contrast, the reduced Cu may be attributed to the combustion of liquid fuels
and/or OH/CO with relatively small amount of CuQ. Since carbon can combust with CuO
at 482 °C, while it needs a higher temperature, nearly 624 °C, for the combustion with
Cu20, as mentioned by Siriwardane et al. [175].
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Coke analysis: The coke deposition on the reduced oxygen carriers mixed ECat catalysts
during the cracking of n-hexadecane were measured and presented in Table 5.3. The
results confirmed that the coke percentage on ECat and reduced oxygen carriers mixed
ECat (M-Cu/ECat, M-Cu.O/ECat, M-CoO/ECat, and M-Mnz0O4/ECat) are lower than 0.7
wt.%, which is lower than the ratio of coke formation presented in previous studies [189,
190, 226].

Table 5.3. Coke percentage on the catalysts and normalized coke composition of fresh ECat, used
ECat, M-Mn304/ECat, M-CoO/ECat, and M-Cu,O/ECat.

Coke on catalyst?, wt.% Coke composition®, wt.%

C
Catalyst Carbon Hydrogen Carbon Hydrogen HIC
Fresh ECat - 0.10 - 100 -
Used ECat 0.45 +0.02 0.03 +£0.01 93.6 2.2 6.4 £2.2 0.80
M-Cu/ECat 0.43 £0.02 0.01 +£0.00 97.5+0.9 2.5+0.9 0.28
M-Cu,O/ECat 0.39 +0.02 0.03 +£0.00 93.2+0.8 6.8 £0.8 0.92
M-CoO/ECat 0.42 £0.01 0.02 £0.01 95.0+2.4 5024 0.57
M-Mn3;0./ECat 0.73 £0.00 0.06 +0.03 92.2+£3.0 7.8+3.0 0.98

2 Based on g Coke/ g ECat. " Normalized coke composition was calculated by (weight of carbon/ weight of
coke)*100, wt.%. ¢ The ratio of H/C was calculated the weight of H*12/weight of C.

For instance, the coke deposition was between 1.39-2.4 wt.% for the cracking of n-
hexadecane over MFA and SBA-15 type zeolite catalysts by Betiha et al. [219], over a
commercial FCC catalyst by Shi et al. [226] and over Al,O3/SiO> by Eberly et al. [231].
Furthermore, Voorhies [191] found an increase carbon formation on catalyst with
increasing cracking time. Additionally, the ratio of H/C, 0.28-0.98, is quite similar to
literature values of 0.46-1.74 [189]. However, the hydrogen percentage in the coke
composition was slightly higher than the literature values [189] for the oxidised oxygen
carriers mixed ECat catalysts. The high percentage of hydrogen in the coke compositions

may be attributed to moisture content on the catalysts, as mentioned previously.
5.2.2.3 Cracking of n-hexadecane over reduced oxygen carriers mixed ECat
In order to investigate the effects of reduced oxygen carriers on the cracking, the prepared

catalysts (M-Cu/ECat, M-Cu.O/ECat, M-CoO/ECat, and M-Mn3zO4/ECat) were tested on

the cracking of n-hexadecane. The catalytic activity of these catalysts was identified with
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the conversion of n-hexadecane, yields, and cracked products selectivities calculated by
using the Equations 4.1-4.6.
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Figure 5.13. Conversion (both overall and excluding CLC) of n-hexadecane over ECat and
reduced oxygen carriers mixed ECat, M-Cu/ECat, M-Cu,O/ECat, M-CoO/ECat, and M-
Mn3O4/ECat.

Figure 5.13 demonstrates that mixing of metallic Cu with ECat has remarkably
detrimental effects on the conversion of n-hexadecane where the conversion decreased
from 40 wt.% to 30 wt.%. The detrimental impact of Cu impregnation on the conversion
of palm oil cracking over ZSM-5 zeolite catalysts has been mentioned by Siregar and
Amin [235]. The decrease in the conversion with the impregnation of Cu was attributed
to decreasing on the Bronsted acidity [235]. However, in this study, neither Bronsted nor
Lewis acidities should be affected by mixing of metallic Cu as the preparation method
does not change any surface properties. The decrease in the conversion may, therefore,
be attributed to the negative interaction between model cracking feed and metallic Cu.
On the other hand, the conversion was insignificantly affected by the mechanically
mixing of Cu.O, CoO, and Mnz0sa.

There is no difference between the excluding CLC conversion and overall conversion, as
seen in Figure 5.13. The reduced oxygen carries mixed ECat do not provide combustion
with hydrocarbon feed (or cracked products) in contrast to oxidised oxygen carriers,
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which reduced by the combustion of a hydrocarbon feed as demonstrated the previous
section. These findings were also in line with the characterization results (XRD patterns)
of tested reduced oxygen carriers mixed ECat where an insignificant further reduction,
Cu and MnO, was observed for the reduced Cu.O and MnsOg, after cracking of n-
hexadecane over M-Cu,O/ECat and M-Mn3zO4/ECat.
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Figure 5.14. Coke, gas, and liquid yields from the cracking of n-hexadecane over ECat and
reduced oxygen carriers mixed ECat; M-Cu/ECat, M-Cu,O/ECat, M-CoO/ECat, and M-
Mn3;O4/ECat.

The coke, gas, and liquid yields after n-hexadecane cracking over commercial ECat and
reduced oxygen carriers mixed ECat are presented in Figure 5.14. Cu, Cu20, and CoO
mixed ECat have insignificant effects on the cracking reaction in terms of coke yield,
approximately 1.4 wt.%, whereas it increased from 1.4 wt.% to 2.7 wt.% with the mixing
of Mn3O4. While the gas yield decreased from 22 wt.% to 17 wt.% and 20 wt.% with the
mixing of Cu and Cu20, respectively, it was not impacted by mixing with CoO and
Mn30a4. As for the liquid yield, it also decreased from 18 wt.% to 13 wt.% with the mixing
of Cu. However, it was not significantly affected by the mixing of other reduced oxygen

carries; Cu20, CoO, and Mn3Qg4, as seen in Figure 5.14.

The product selectivities for ECat and reduced oxygen carriers mixed ECat are presented
in Figure 5.15. Mixing of reduced oxygen carriers; Cu, Cu20. CoO and Mn304 with ECat,

have a negligible effect on the product selectivities of Ci-2, C3.4, Cs.15, and Cie+. The
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selectivity of light gases and higher hydrocarbons were kept to minimum after mixing of
reduced oxygen carriers as desired [65]. It is known that the formation of light gases takes
place on active sites located in the micropores of the catalysts [219]. As the micropores
of ECat was kept the same after the modification of reduced oxygen carriers due to the
preparation method, mechanically mixing. Thus, the selectivity of light gases was
maintained as steady even after modification. The low selectivity for light gases is in
complete agreement with previous studies [219, 223, 224, 229, 232, 236], where the
cracking of n-hexadecane was investigated over different kind of zeolite catalysts such as
Beta, ZSM-5, SBA-15, MCM-41, Y and commercial FCC catalysts. Similarly, the low
light gases yield were also presented for the cracking of industrial FCC feedstock [237],
light diesel [238], 1,3,5-tri-isopropylbenzene [239], n-decane [240] over different kind
of zeolite catalysts. The higher hydrocarbons may be formed by the polymerization of
lower hydrocarbons. However, the catalyst, ECat, used in this study, was the
commercially available cracking catalyst. Therefore, the minimal higher hydrocarbon

selectivity was an expected result.
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Figure 5.15. Product selectivity of Ci., (light gases), Cs.4 (LPG), Cs.15 (gasoline), Cie+ (higher
hydrocarbons) and coke from the cracking of n-hexadecane over commercial ECat and reduced
oxygen carriers mixed ECat; M-Cu/ECat, M-Cu,O/ECat, M-CoO/ECat, and M-MnzO4/ECat.
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The selectivity of LPG is also consistent with the previous studies [223, 224, 229, 236]
in which n-hexadecane cracking was investigated over a standard FCC catalyst attain a
maximum at the Cs, C4 and Cs region, following that there is a monotonic decrease in the
product concentration to Cys (Figure Al-2, Appendix A). Although mixing of Cu, Cu20
and CoO with ECat have an insignificant effect on the coke selectivity (3.8 wt.%), Mnz04
slightly increased it from 3.6 wt.% to 5.4 wt.%. This increase may be attributed to the
residence time of cracking feed in the catalyst bed. As mentioned previously, the
stoichiometrically required amount of Mn3QOg is higher than the other reduced oxygen
carriers, Cu, Cu20 and CoO due to its low oxygen carrier capacity [234]. The bed volume
increase about 25 vol.% with the mixing of Mn3Os, which results in an increase the
residence time of cracking feed in the catalyst bed, thus the conversion was slightly
enhanced and coke selectivity increase due to the mixing of MnzOa4. However, it can be
concluded that the mixing of reduced oxygen carriers, Cu20, CoO, Mn3QO4, with ECat has

negligible effects on the cracking in terms of conversion, yield and product selectivity.

5.3  Cracking of n-hexadecane over oxygen carrier modified ECat prepared by

wet-impregnation

The catalysts prepared by mechanical mixing may show some disadvantages such as
inhomogeneity in the fluidised bed due to the density differences between oxygen carriers
and ECat. By using wet impregnation, it is possible to prepare a new catalyst consisting
of an oxygen carrier and ECat having an average density [37, 38, 113, 127, 129, 158, 181-
185]. In an effort to investigate the cracking activity of oxygen carriers impregnated ECat,
the oxidised and reduced oxygen carriers were introduced into the matrix and fillers of

ECat using this method.

5.3.1 The effects of oxidised oxygen carriers impregnated ECat

5.3.1.1 Characterisation of oxidised oxygen carriers impregnated ECat

XRD analysis: The sharp peaks at 35.5°, 38.6°, and 48.8° in Figure 5.16-b prove that

CuO (JCPDS no: 01-080-0076) was successfully impregnated into the matrix and fillers
of ECat. On the other hand, two new characteristic peaks of Cu at 43.3° and 50.4° (JCPDS
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no: 01-085-1326) were obtained for the used I-CuO/ECat (Figure 5.16-c). The
characteristic peaks belonging to ECat (demonstrated with black stars) was not affected

by the impregnation of CuO.
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Figure 5.16. XRD patterns of a) ECat, b) fresh I-CuO/ECat, and c) used I-CuO/ECat.

The sharp peaks at 31.2°, 36.8°, 38.5°, and 44.8° in Figure 5.17-b demonstrate the
successful Coz0s impregnation (JCPDS no: 00-042-1467) on ECat. However, the
characteristic peaks of Co304 were replaced with characteristic peaks of CoO; 36.5° and
42.4°, (see in Figure 5.17-c) for I-CosO4/ECat tested in n-hexadecane cracking.
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Figure 5.17. XRD patterns of a) ECat, b) fresh I-Co;0./ECat, and c) used I-Cos04/ECat.
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Figure 5.18. XRD patterns of a) ECat, b) fresh I-Mn,Os/ECat., and c) used I-Mn,Os/ECat.

Similarly, the characteristic peaks at 23.1°, 32.9°, 38.2°, 45.1°, 49.3°, and 53.2° (JCPDS
no: 01-071-0636) on Figure 5.18-b identify the successful impregnation of Mn,Os on
ECat. However, after cracking of n-hexadecane over I-Mn;Os/ECat, the catalyst
demonstrates the characteristic peaks of MnO (34.9°and 40.5°, JCPDS no: 01-078-0424)
and Mn304 (28.9°, 30.1°, 32.3°, and 36.0°, JCPDS no: 01-080-0382), as shown in Figure
5.18-c.

The characteristic ECat peaks remain on the patterns for both fresh and used I-CuO/ECat,
I-Co304/ECat, and 1-Mn.O3/ECat, which proves the oxygen carrier impregnation does
not affect the ECat structure. However, after the cracking reactions, the impregnated
oxygen carriers (CuO, C0304, and Mn203) reduced to Cu, CoO, and Mn3O4 — MnO,
respectively. As mentioned previously (in Section 5.2.1), these reductions may be
attributed to the combustion of hydrocarbons (cracking feed and/or cracked products)
with oxygen carriers during cracking reaction. In contrast to the mechanical mixing
results, in which Mn2Os mixed with ECat mainly reduced to MnzOs4, the Mn20s
impregnated ECat demonstrated a further reduction from Mn3O4—MnO. The first step of
the sequential reduction, Mn203—Mn30s4, seems faster than the second step,
Mn304—MnO. This additional reduction can be ascribed to the dispersion of Mn2O3s on
the surfaces of the catalyst. However, thanks to the low ratio of oxidised oxygen carriers
impregnated on ECat, the amount of combusted cracking feed (or cracked products) is

expected to be relatively low. Although a reduction on the oxygen carriers observed after
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the cracking of n-hexadecane, Siregar and Amin [235] proved that the pore structure such
as surface area, acidity and pore volume, have insignificantly affected by the reduction of
CuO.

SEM analysis: SEM was employed to investigate any deformation on the surface
morphology and physical structure of ECat particles after impregnation of oxygen carriers
and testing in the cracking of n-hexadecane. Figure 5.19 demonstrates the surface
morphology of fresh ECat having a spherical shape and smooth surface in four different

zoom scalings, 100 pum, 20 pm, 10 pum, and 1 pum,

Figure 5.20 shows the SEM images of fresh and used I-CuO/ECat. There is no
fragmentation nor physical deformation on ECat after the impregnation of CuO (Figure
5.20-a), neither after I-CuO/ECat was tested in the cracking of n-hexadecane (Figure
5.20-b). The CuO particles were dispersed on the surface of ECat catalysts. However, the
bright points in Figure 5.20-al and -b1 correspond to the accumulation of CuO on ECat.
Similarly, Chuang et al. [178] have also observed CuO accumulation on Al2Oz prepared
by impregnation method. The increase in the content of CuO may increase surface
accumulation [178, 183]. On top of that very little agglomeration between the spherical
CuO impregnated ECat particles can be seen in Figure 5.20-b. The accumulated CuO on
the single ECat particle is connected with another accumulated CuO on another ECat

particle; this enables agglomeration.
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Figure 5.19. SEM images of fresh ECat surface.

The spherical ECat particles demonstrate fragmentation into smaller particles after the
impregnation of Coz04 (See in Figure 5.21-a and b). Additionally, a CosO4 accumulation
on prepared 1-Coz04/ECat has been observed in Figure 5.21-a3 and Figure 5.21-b3. This
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accumulation may be attributed to the impregnated ratio of Co3O4 on the ECat. On the
other hand, no significant differences on the surface of 1-CozO4/ECat were observed

between fresh and used catalysts.
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Figure 5.21. SEM images of a) fresh I-Co3O4/ECat and b) used 1-CosO4/ECat.
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Figure 5.22 demonstrates that the spherical ECat particles were significantly fragmented
into smaller particles following the impregnation of Mn,Os. Additionally, the smooth
surface of the ECat was fully covered by Mn,Os (see in Figures 5.22-a2 and -b2).
Moreover, Figures 5.22-a and -b demonstrate a clear agglomeration between Mn,O3
impregnated ECat particles due to the high amount of Mn,Oz accumulation on the outer
surface of ECat. However, similar to CuO and Co0sO4 impregnated ECat catalysts,
significant differences on the surface of fresh I-Mn,O3z/ECat were not observed compared

with the catalysts tested after the cracking of n-hexadecane.
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Figure 5.22. SEM images of a) fresh I-Mn,Os/ECat and b) used 1-Mn,O3/ECat.

The oxygen carrier accumulation on ECat may be attributed to the impregnated metal’s
cation states as well as the quantity of oxygen carriers used for the impregnation. Bhan
and Delgass [241] discovered that Me®* cations are located preferentially on the outer
surface of ZSM-5 zeolite catalyst, whereas Me?* cations are found inside the zeolite
structure. Similar findings have also been reported by Wang et al. [242] for the ZSM-5
zeolite catalyst modified by ZnO, CuO as Me?* and Ga203 as Me®*. One of the reasons
for the less accumulation observed on the outer surface of Cu?* impregnated ECat (Figure
5.24) may be attributed the cation state compared with Mn®" impregnated ECat (Figure

5.26). Furthermore, the accumulation of Co3O4 impregnated ECat is more than I-
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CuO/ECat while it is less than I-Mn2Oz/ECat. This may be attributed to the cation states
of Co30a4, which has both Co?* and Co®". The Co?* cations diffused into the pores while

the Co®* cations accumulated over the outer surface of the ECat.

20kV X300 S0pum 10 40 SEI

Figure 5.23. SEM image and EDS spectrum of agglomerated part of fresh I-Mn,Os/ECat.

The SEM image of the agglomerated part of 1-Mn>Os/ECat (Figure 5.23) shows that the
area between agglomerated ECat particles labelled 1 and 2 seem different than the surface
of ECat labelled 3 and 4. EDS spectrums of the numbers 1 and 2 show that the oxygen
carrier (Mn203) stuck together with the ECat particles, which causes the agglomeration.
The EDS spectrums for 3 and 4 demonstrate that whilst the Mn.Oz covers the outer
surface of ECat, the other elements such as Si, Al, and La, can still be detectable. The
inner pores of ECat catalyst are still accessible, which is essential to maintain the cracking
activity of the ECat the same. Further, the accumulation of oxygen carriers onto the outer
surface of ECat is not crucial in this study, as these oxygen carriers are not used for the
enhancement of the cracking activity of ECat. The cracking activity of the ECat would

like to be maintained consistent after the modification of ECat with oxygen carrier.

XRF and EDS mapping: The true density and oxygen carrier ratio of I-CuO/ECat, I-
Co304/ECat, and I- Mn2Os/ECat are presented in Table 5.4. The true density of ECat
increased with the impregnation of oxidised oxygen carriers. Since the true density of
oxygen carriers, CuO (6.22 g/cm®), CosO4 (6.11 g/cmd), and Mn,O3 (4.84 glcm?) are
higher than the density of ECat (2.70 g/cm®). Thanks to the high ratio of ECat in the
oxidised oxygen carrier impregnated ECat catalysts (13 wt.% of CuO, 18 wt.% of C030s4,
and 30 wt.% of Mn203), the densities are close to ECat’s density.
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Table 5.4. Amount of oxygen carrier impregnated on ECat.

Catalyst True density? Theoretical loading® Actual loading®
(g/cmd) (Wt.%) (Wt.%)
ECat 2.70 n.a. n.a.
I-CuO/ECat 2.84 125 12.2
I-CosO4/ECat 2.95 17.8 16.6
I-Mn2O3/ECat 3.11 29.8 30.2

2 Measured using Helium Pycnometer. ® Determined the oxidised oxygen carriers based on the weight
differences of ECat before and after oxygen carrier impregnation. ¢ Measured oxidised oxygen carriers
using XRF.

The ratio of oxidised oxygen carriers impregnated ECat were theoretically calculated
using the weight differences of ECat before and after the impregnation process.
According to these calculations, approximately 12.5 wt.% of CuO, 17.8 wt.% of C0304
and 29.8 wt.% of Mn,O3 were impregnated on the ECat catalysts. Additionally, the actual
loading of oxidised oxygen carriers on ECat measured by XRF and the results

demonstrate similarity with the theoretical calculations, as seen in Table 5.4.

EDS mappings and qualitative element spectrums for I-CuO/ECat, 1-CosO4/ECat, and I-
Mn20Os/ECat are presented in Figure 5.24, 5.25 and 5.26, respectively. The locations for
qualitative element analysis of fresh and used I-CuO/ECat catalysts are shown on the
SEM images using a rectangular (o) and plus (+) signs and presented as EDS spectrums
next to. Figure 5.24-a demonstrates that CuO particles were dispersed on the surface of
the ECat as seen by the Cu mapping for fresh I-CuO/ECat. Furthermore, after testing of
I-CuO/ECat in the cracking of n-hexadecane, dispersion of Cu on the ECat remains (see
in Figure 5.24-b). However, the EDS spectrums show that the intensity of Cu was not the
same everywhere on the external surface of ECat, which may be attributed to the
agglomeration of CuO on external surface. As Chuang et al. [178] demonstrated CuO
tends to concentrate on a particles exterior; further, the surface accumulation of CuO
increases with an increase in the content of CuO. The EDS spectrums also demonstrate
that fresh I-CuO/ECat consists of mainly Al, Si, O, and La in addition to Cu. The
spectrums prove that the elements (Al, Si, La, O) creating ECat catalyst remain after

cracking tests as it used to be on fresh I-CuO/ECat.

A Co0304 accumulation was observed over fresh 1-Coz04/ECat (Figure 5.25-a), whereas

the used catalyst demonstrated better Co dispersion on the ECat surface shown in Figure
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5.25-b. The EDS spectrums clarify that in addition to Co, which was impregnated on ECat
as a form of Co30s, the other elements, Al, Si, O, and La, are observed.
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Figure 5.24. EDS mapping for Cu and element spectrums of a) fresh I-CuO/ECat and b) used I-
CuO/ECat.
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Figure 5.25. EDS mapping for Co and element spectrums of a) fresh 1-CosO./ECat and b) used
[-C0304/ECat.
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Figure 5.26-a demonstrates that the impregnated Mn>Oz covers the whole surface of the
ECat as a layer. It was same after the catalysts were tested in the cracking of n-hexadecane
(Figure 5.26-b). Additionally, the EDS spectrums demonstrate the various intensity of Si
and Al peaks on different spots (Figure 5.26), which also supported the intensive
accumulation of Mn203 on the ECat surface. As mentioned previously, the accumulation
of fresh oxygen carriers impregnated catalyst may be attributed to either cation states as
Me3* (such as Mn®*" and Co®") which may not be diffused into the pores of ECat. In
contrast, Me?* (such as Cu?" and Co?*) can be placed into the pores or the preparation
procedure where a high amount of oxygen carriers were impregnated on ECat at once.
The accumulation problem due to the cations Cu?* and Co?* may be decreased using
multiple impregnation stages of CuO and CosOa, as suggested by Chuang et al. [178]
where the accumulation and agglomeration problems were not issues for the preparation
of CuO/Al,O:s.

Figure 5.26. EDS mapping for Mn and element spectrums of a) fresh 1-Mn,O3/ECat and b) used
I-anoglECat.

N2 adsorption-desorption analysis: The N2 sorption isotherms of I-CuO/ECat, I-
Co304/ECat, I-Mn,03/ECat are presented in Figure 5.27. Adsorption and desorption
isotherms of the catalysts demonstrated different trends defined as hysteresis, starting
from about P/Po = 0.4. According to the IUPAC classification [243, 244], the isotherm is
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defined as “type IV”, which is a typical isotherm of mesoporous materials having a pore
diameter of 2-50 nm. The adsorption-desorption isotherm of ECat was the same even after
the impregnation of oxidised oxygen carriers. The isotherms consisted of two well-
distinguished regions; adsorption of monolayer-multilayer and capillary condensation.
The initiation part of the isotherms (P/Po = 0-0.4) are attributed to the former; monolayer-
multilayer adsorption [243, 244]. On the other hand, the characteristic hysteresis is

usually attributed to the latter (P/Po = 0.4-1.0), capillary condensation, taking place in
mesopores [243].

Pore condensation is defined as a gas condensation to a liquid-like phase in the pore at a
pressure, P, less than the saturation pressure, Po, of a bulk liquid [243]. The hysteresis
loops are mainly classified as four types, and the hysteresis drawn for the prepared
catalysts (Figure 5.27) can be defined as “type H3” [243, 244]. The characteristic features
of type H3 loop are the sharp step down off the desorption branch which is generally
located in a narrow range P/Po (~ 0.4-0.5) for the particular adsorptive and temperature
(nitrogen at temperatures of 77 K) [243].
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Figure 5.27. Nitrogen adsorption-desorption isotherms of fresh oxidised oxygen carriers
impregnated ECat; ECat, I-CuO/ECat, I-Cos0./ECat, 1-Mn,0s/ECat.
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Table 5.5. Surface properties of ECat, I-CuO/ECat, I-Cos04/ECat, I-Mn,Os/ECat.

Catalysts Surface area (m?/g) Pore volume (cm®/g) Pore diameter (nm)
SBET @ Smicro b Vtot ¢ Vmeso d Vmicro b dav ¢ dneck ¢
ECat 191 102 0.25 0.20 0.05 13.8 11.0
I-CuO/ECat 189 124 0.18 0.14 0.04 11.9 10.5
I-Co304/ECat 185 107 0.18 0.15 0.03 13.2 9.6
I-Mn,0Os/ECat 177 84 0.17 0.15 0.02 12.5 10.0

2 The BET surface area (Sger) was calculated on the basis of g ECat. ® Micro surface area (Smicro) and pore
volume (Vmicro) Were calculated using the t-plot method. € Total pore volume (Vi) Was defined as sum of
micro, meso and macro pore volumes. ¢ Meso-pore volume (Vmeso) Was calculated by the BJH adsorption
cumulative volume of pores (2.0-50.0 nm). ¢ Pore diameters, average (dav) and neck (dneck), Were calculated
by the BJH method (4V/A).

The textural properties of these catalysts, such as surface area, pore volume and pore
diameter, were calculated according to Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods and presented in Table 5.5. The BET surface area slightly
decreased by about 2, 6 and 14 m?/g, after the impregnation of CuO, Coz04 and Mn20s3,
respectively. The decrease in the BET surface area is attributed to the concentration of
oxidised oxygen carriers impregnated on ECat, and these oxygen carriers could have
filled the pores of the catalyst and blocked some of the surfaces. As a decreasing trend
was observed with the increase of the oxidised oxygen carriers concentrations, CuO <
C0304 < Mn20:s. In terms of pore volume and average pore diameter, an apparent decrease
can also be observed after the impregnation of oxidised oxygen carriers, as demonstrated
in Table 5.5.

Similarly, the decreasing trend was also observed for the micropore volume with the
increase in the concentration of impregnated oxidised oxygen carriers. Wang et al. [242],
Li et al. [245], and Kubo et al. [246] described that a decreasing trend in BET surface area
and pore volume were observed with the increasing of CuO ratio in modified ZSM-5
zeolite catalyst. Similarly, Awayssa et al. [247] showed that the BET surface area
decreased with the impregnation of Mn, and that a further decrease was observed once
the Mn concentration increased. In another study, Du et al. [248] demonstrated that
impregnation of different metals such as Co, Cu, Fe, Ga, Mo and Ni on ZSM-5 zeolite
catalyst caused different levels of decrease on the surface area.

Bronsted-Lewis acidities via Fourier-transform infrared spectroscopy (IR-Py): The
positively charged atoms defined as carbocations (generic term for a positively charged
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carbon ion) are formed where the cracking feed contact with the catalyst [221]. The
carbonium ions (R-CH:") are produced either transferring a proton (H") to olefins by
Bronsted acid sites (B) or removing hydrogen (H") from paraffin by Lewis acid sites (L).
The carbonium ions provide three main reactions; (i) the cracking of a carbon-carbon
bond, (ii) isomerisation, (iii) hydrogen transfer. The Bronsted and Lewis acidities of
parent ECat, I-CuO/ECat, 1-CosO4/ECat, and I1-Mn,Oz/ECat were, therefore, measured by
pyridine adsorption. The interaction of both pyridine-Bronsted and pyridine-Lewis acid
sites give a group of absorption bands in the IR spectrum ranging from 1400-1700 cm™
[247, 249]. The IR spectrums of the pyridine adsorbed catalysts are presented in Figure
5.28, and the integrated area of defined IR peaks are summarized in Table 5.6. The bands
around 1545 and 1640 cm™ are indicative of pyridinium ions, which related to Bronsted
acidity [235, 249], and the other bands about 1445, 1580 and 1620 cm* assign to pyridine
coordinated to Lewis acid sites [235, 249, 250]. The last band at about 1490 cm
represents the pyridine molecule interacting with either Lewis or Bronsted acid site [235,
247, 249, 250].

5 L+B I-Mn,04/ECat

— 1-Co304/ECat
I-CuO/ECat

— ECat

1800 1750 1700 1650 1600 1550 1500 1450 1400
Wavenumber (cnrt)

Figure 5.28. IR-Py spectra of parent and oxidised oxygen carriers impregnated ECat catalysts.

The acidity of an acidic catalyst is usually characterised using the adsorption bands at
around 1445 and 1540 cm™. The intensity of Lewis acid site at around 1445 cm™ was

considerably higher than that of Bronsted acid site at about 1540 cm for the parent, and
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oxidised oxygen carriers impregnated ECat catalysts (see in Figure 5.28 and Table 5.6).
Additionally, a decrease in the both Lewis and Bronsted acid sites (1445 and 1540 cm™)
was observed with the impregnation of oxidised oxygen carriers, which are in line with
the previous studies where lower Bronsted acidity was found both the Mn modified ECat
[247] and Cu modified ZSM-5 [235, 242, 251]. The decrease in the Bronsted acidity was
attributed to the increasing amount of non-framework aluminium or hydrogen cation that
was replaced by the Cu?* ion as the decrease in H* ion decline the Bronsted acidity

suggested by Siregar and Amin [235].

Table 5.6. Integrated area of IR-Py peaks for parent and oxidised oxygen carriers impregnated
ECat.

Catalysts L2 (1445 cm?) L+B (1490 cm™) BP (1545 cm™)
ECat 1.52 0.30 0.20
I-CuO/ECat 1.12 0.14 0.08
I-C0304/ECat 1.12 0.14 0.10
I-Mn,Os/ECat 0.58 0.06 0.08

2 _ewis acidity area measured by IR peak at 1445 cm™.  Bronsted acidity area measured by IR peak at 1545
cm,

The integrated area for both Bronsted and Lewis acid sites decreased after the
impregnation of CuO, Co304 and Mn2QO3z, which may be attributed to the oxidised oxygen
carriers impregnation, which fills the micropores and reduces both surface area and pore
volume that could result in a decrease in the acidity of the catalyst. However, as stated by
Wang et al. [242], although the IR-Py measurement indicated less Bronsted acidity for
CuO impregnated ZSM-5 than that for parent ZSM-5, the relatively small amounts of
Bronsted acid sites could still be sufficient for the cracking reaction.

Coke analysis: In general, being formed by the cracking reactions over the catalysts, coke
also arises from thermal and metal-mediated reactions, which can contribute to the overall
level of coke on the catalysts. Therefore, the increase in the coke yield for impregnation
compared to mechanical mixing gives small reductions in surface area (Table 5.5)

consistent with the relatively small increases in coke yield (Table 5.7).

In terms of the pore structure, an inverse relationship between average pore diameter

(Table 5.5) and coke deposition was obtained for the oxidised oxygen carrier impregnated
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ECat, as the average pore diameter followed the trends ECat > I-Coz04/ECat > I-
MnO3z/ECat > I-CuO/ECat while the carbon percentage on catalysts displayed the
opposite trend. The highest level of coke (1.68 wt.% C) was found on I-CuO/ECat, which
had the lowest average pore diameter of 11.9 nm, once compared with other reduced

oxygen carriers impregnated ECat.

Table 5.7. Coke percentage and normalized coke composition of used catalysts, ECat, I-
CuO/ECat, 1-Co304/ECat, I-Mn,03/ECat.

Coke on catalyst? Coke composition® Coke type

Catalyst (wt.%) (wt.%) (wt.%) H/C*
Carbon Hydrogen Carbon Hydrogen SCY HC®

ECat 0.45+0.02 0.03+0.01 93.6+22 6.4+22 05 995 0.80

I-CuO/ECat 1.68+0.08 0.08+0.00 95.4+0.1 4.6+0.1 1.2 988 057
I-CosO4/ECat 0.73+0.12 0.06+0.00 916+1.4 84=*14 19 981 0.98
I-Mn2O3/ECat 1.15+0.00 0.05+0.00 96.2+0.0 3.8+00 133 86.7 0.52

2 Based on g of total coke/ g of ECat. ® Normalized coke composition was calculated by (weight of carbon
(or hydrogen) / weight of coke)*100, wt.%. ¢ Hard Coke, the remain coke % after solvent extraction. 9 Soft
Coke, determined using the differences of (100-HC), wt.%. ¢ The ratio of H/C was calculated weight of
H*12/weight of C.

As mentioned previously, an apparent decrease in the surface area was observed due to
the pore blockage after the impregnation of CuO, Co030s and Mn2O3z, which slightly
changed the matrix structure of ECat. Koon et al. [252] proved that after the extractable
soft coke removed from the catalysts structure, a further pool of soft coke was found as
physically entrapped within the catalyst pore structures and it was only released after
demineralisation. Additionally, this second soft coke contains more aromatics, which
ultimately controls the final coke yield. The further coke formation may be attributed to
the decrease in the effective pore diameter and an increase in the diffusion resistance of

reactants/products in the modified ECat catalysts.

Additionally, the differences in the soft and hard coke rations (Table 5.7) may be
attributed to the metal-mediated coke formation reactions. As each type of metals
impregnated on ECat differently promoted the coke formation reactions. For example,
after Mn-based reduced oxygen carrier modification, a dramatic increase in the soft coke
was observed (Table 5.7), which also arise the total coke ratio on the catalyst. However,
the coke calculated for the oxidised oxygen carriers impregnated ECat was in the range

reported in the literature where the FCC catalysts contain 0.46—1.74% of insoluble coke
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[189] having a H/C ratio of 0.27-0.54. The expected coke was also about 0.8-1.0 wt%
according to the figure drawn for the cracking time versus carbon deposition by Alexis
Voorhies [191]. As for the hydrogen content, it was slightly higher due to the moisture
content of the catalysts of 2-4 wt% [189].

5.3.1.2 Cracking of n-hexadecane over oxidised oxygen carriers impregnated ECat

The cracking activity of I-CuO/ECat, 1-Co3O4/ECat, and 1-Mn,O3z/ECat was identified
based on n-hexadecane conversion, yields, and product selectivities and the results are
presented in Figures 5.29-5.31. The error bars in the figures represent the standard

deviation calculated by the results of triplicate experiments.
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Figure 5.29. Conversion (overall and excluding CLC) of n-hexadecane over the control ECat and
oxidised oxygen carriers impregnated ECat; I-CuO/ECat, 1-Co304/ECat, and I-Mn,O3/ECat.

Figure 5.29 shows that the excluding-CLC conversion of 1-CuO/ECat and 1-Mn,Oz/ECat
were approximately 40 wt.%, which was similar to control ECat tests, while it decreased
to about 26 wt.% for 1-Coz04/ECat. Additionally, the overall conversions were about 2-3
wt.% higher than the excluding-CLC conversions for I-CuO/ECat, 1-Co3z04/ECat, and I-
Mn,O3/ECat due to the combustion of hydrocarbons with oxidised oxygen carriers. The
decrease in the neck diameter after the impregnation of Coz04 can result in a decrease in

the conversion as the bigger molecules cannot diffuse into the active sites in the pores.
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This finding is consistent with previous results presented by Hosseinpour et al. [253],
who demonstrated that Co modification decreased the conversion of cumene in the

cracking reaction compared with the unmodified Y zeolite.
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Figure 5.30. Coke, gas, and liquid yields from the cracking of n-hexadecane over control ECat
and oxidise oxygen carriers impregnated ECat; I-CuO/ECat, I-Coz04/ECat, and I-Mn,Os/ECat.

The coke yield increased from 1.4 wt.% to about 5.3 wt.%, 2.4 wt.% and 3.8 wt.% with
the impregnation of CuO, Co304 and Mn20Os, respectively, as shown in Figure 5.30. The
increase in the coke yield may be attributed to the new pore structure of catalyst after the
modification of ECat with oxidised oxygen carriers. The larger molecules cannot diffuse
outside from the inner pores due to the narrowing in the pores, which increase the coke
accumulation in the pores. As mentioned previously, an inverse relationship between
average pore diameter and formation of the coke can be seen as the average pore diameter
is ECat > I-Co304/ECat > I-Mn203/ECat > I-CuO/ECat while the coke yield is the
opposite, I-CuO/ECat > I-Mn,Os/ECat > 1-Coz04/ECat > ECat. Li et al. [245]
demonstrated that the coke yield on the ZSM-5 catalyst decreased after the modification
of CuO (having different ratios of 5-30 wt.%), while the coke accumulation increased
using the regenerated catalyst in multiple tests. While gas and liquid yields demonstrated
a decrease with the impregnation of Cos04, they were not affected by the impregnation
of CuO and Mn20s3, which are similar with the findings presented by Siregar and Amin
[235].

109



80

= ECat
® |-CuO/ECat
60 1 I I-Co30,/ECat
$ T B |-Mn,03/ECat
£ 40
> I
> 1
% 20
[9p]
- Bl=
B
6 .
4 _
27 I
O n T
C1_2 C3_4 C5_15 C16+ Coke

Figure 5.31. Product selectivity of Ci. (light gases), Cs.4 (LPG), Cs.15 (gasoline), Cie+ (higher
hydrocarbons) and coke from the cracking of n-hexadecane over control ECat and oxidise oxygen
carriers impregnated ECat; I-CuO/ECat, 1-Co304/ECat, and I-Mn,Os/ECat.

Figure 5.31 shows that the selectivity of light gases (C1-2) and higher hydrocarbons (C1e+)
was kept as in the minimum as desired [65], after the oxidised oxygen carriers
impregnated on ECat. Only the CuO modification slightly increased the generation of C1-
2, Which is in line with the findings of Wang et al. [242]. The narrowing in the pores' neck
can support further cracking in the pores, which resulted in increasing the selectivity of
C1-2. On the other side, the decrease in the micro-pores after the impregnation of oxidised
oxygen carriers could decrease the formation of light gases. The selectivity of LPG was
slightly enhanced by the impregnation of the oxidised oxygen carrier, whereas the
selectivity of gasoline demonstrated a decrease with the impregnation of oxidised oxygen
carriers. Moreover, coke accumulation considerably increased from about 3.6 wt.% to
about 10 wt.% using these catalysts in the cracking of n-hexadecane due to the reason

mentioned previously in the coke analysis section.
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5.3.2 The effect of the reduced oxygen carriers impregnated ECat

5.3.2.1 Preparation of reduced oxygen carriers impregnated ECat

The oxidised oxygen carriers can be reduced by hydrogen [254-257]. The XRD patterns
of I-CuO/ECat reduction states by hydrogen at 450, 250 and 200 °C are presented in
Figure 5.32. The CuO impregnated on ECat can directly reduce to metallic Cu by the
hydrogen, instead of a sequential reduction step CuO—CusO3—Cu20—Cu, which is line
with the literature [254, 257]. However, a complete reduction from CuO to Cu.O has been
previously achieved using CO as a reduction gas at the isothermal reduction temperature
of 250 °C [256].
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Figure 5.32. XRD patterns of the I-CuO/ECat and reduced I-CuO/ECat by hydrogen at 200, 300,
450 °C.

Figure 5.33 demonstrates the reduction states of Co3O4, which was impregnated on ECat
depending on the temperatures. CozO4 impregnated on ECat reduced to a mixture of CoO
and Co at 450 °C, which may refer to a sequential reduction step Co30s—Co0O—Co. The
formation of Co was decreased, and so the formation of CoO was increased with a
decrease in the reduction temperature from 450 °C to 350 °C. However, the C0304 was

observed when the reduction temperature was under 300 °C. The further decrease in the
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reduction temperature caused a decrease in the reduction. Ward et al. [255] observed that
although the majority of the crystals are in the form of Co30s4, the formation of CoO has

been beginning at the temperatures around 200 °C.
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Figure 5.33. XRD patterns of I-Co3O4/ECat and reduced 1-Co3;O4/ECat by hydrogen at 250, 300,
350, 450 °C.
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Figure 5.34. XRD patterns of I-Mn,0Os/ECat and reduced I-Mn,Os/ECat by hydrogen at 250, 300,
350, 450 °C.
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The same reduction process was performed for I-Mn.O3z/ECat using hydrogen, and the
results are presented in Figure 5.34. Mn;0Os3 can directly reduce to MnO at a temperature
higher than 350 °C. However, once the temperature was between 250-300 °C, a sequential
reduction step was observed as Mn;O3—Mn30s—MnO. The reduction level of I-
Mn20Os/ECat depends on the temperature as it was seen for I-CosO4/ECat. The distribution
of Cu-, Co- and Mn-states were determined using semi quantification method and
presented in Table 5.8.

Table 5.8. Semi-quantification of Cu-, Co- and Mn-states after reduction of I1-CuO/ECat, I-
Co304/ECat, and I-Mn,0Os/ECat at different temperatures by Hydrogen.

T2 (°C) Cu-states, wt.% Co-states, wt.% Mn-states, wt.%
CuO0 Cu0 Cu Cos0s CoO Co MnOs MnO; MnO
450 - - 100 - 149 851 - - 100
350 - - 100 - 80.2 19.8 6.3 8.9 84.8
300 n.a. n.a. n.a. 270 617 113 191 79.0 1.9
250 - - 100 453 534 - 19.0 81.0 -

2 Reduction temperature of oxidised oxygen carriers impregnated on ECat under H, atmosphere at 5 bar.
“n.a.” refers non-applicable, as the reduction of CuO with H; at 300 °C has not been investigated.

The oxidised CuO impregnated ECat can be reduced by hydrogen at any temperature
between 200-450 °C to the synthesis of reduced Cu impregnated ECat, I-Cu/ECat. For
the synthesis of I-CoO/ECat, the oxidised C03O4 can be reduced by hydrogen at 350 °C
(the percentage of CoO was approximately 80.2% with a small portion of Co, 19.8%).
Additionally, the synthesis of 1-Mn3O4/ECat and I-MnO/ECat were completed by the
reduction of I1-Mn>O3 /ECat with hydrogen at 250 °C and 450 °C, respectively.

5.3.2.2. Characterisation of reduced oxygen carriers impregnated ECat

XRD analysis: The XRD patterns of both fresh and used I-Cu/ECat, 1-CoO/ECat, I-
Mn304/ECat, and I-MnO/ECat are presented in Figure 5.35-5.38. The characteristic ECat
peaks, indicated with black stars, remain after the reduction of oxidised oxygen carrier
impregnated ECat by hydrogen (pattern b of these figures). Further, the characteristic
ECat peaks also remain after the catalysts were tested following the cracking of n-
hexadecane, presented on the pattern-c of these figures (Figures 5.35-5.38).
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Figure 5.35. XRD patterns of a) ECat, b) fresh I-Cu/ECat, and c) used I-Cu/ECat.

The characteristic peaks of Cu at 43.3° and 50.4° (JCPDS no:01-085-1326) shown in
Figure 5.35-b and -c prove that there is no deformation on the prepared 1-Cu/ECat after
testing in the cracking of n-hexadecane. Similar findings were observed for I-MnO/ECat
catalyst as the characteristic peaks of MnO demonstrated at 34.9°, and 40.6° (JCPDS
no:01-078-0424) in Figure 5.36-b and -c.
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Figure 5.36. XRD patterns of a) ECat, b) fresh I-MnO/ECat, and c) used I-MnO/ECat.
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However, as shown in Figure 5.37-b the fresh I-CoO/ECat contains ~20 wt.% of Co in
addition to ~80 wt.% of CoO (see in Table 5.8), as it was synthesised by the reduction of
I-Co304/ECat with hydrogen at 350 °C. After the cracking test over the I1-CoO/ECat, the
intensity of reduced CoO peaks decreased while the intensity of Co peaks increased as
seen in Figure 5.37-c, which may be attributed to the reduction of CoO to Co in the

sequential reduction step.
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Figure 5.37. XRD patterns of a) ECat, b) fresh I-CoO/ECat, and c) used 1-CoO/ECat.
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Figure 5.38. XRD patterns of a) ECat, b) fresh I-Mn3;O4/ECat, and c) used 1-Mn3;0./ECat.
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Similarly, 1-Mn3O04/ECat was successfully synthesised by the reduction of I-Mn>O3/ECat
with hydrogen at 300 °C. However, the prepared catalysts include a small quantity of
unreduced Mn20Os (peak at 32.9°, JCPDS no:01-071-0636) and further reduced MnO
(peak at 40.6°) as demonstrated in Figure 5.38-b. The unreduced Mn,O3 peak was not
visible while the reduced MnO peaks (26= 34.9° and 40.6°, JCPDS no:01-078-0424)
exists after the cracking of n-hexadecane over I-Mn304/ECat catalyst as seen in Figure

5.38-c, which prove the sequential reduction steps Mn203z—Mn304—MnO.

The small quantity of oxidised oxygen carriers Co304 and Mn2Os in the catalysts of I-
CoO/ECat and 1-Mn304/ECat can result in a further reduction to the CoO-Co and MnzO4-
MnO states, seen in Figure 5.37 and 5.38. However, it would be an insignificant effect on
the cracking reaction thanks to the small portion. This further reduction may be eliminated
with the prepare completely reduced oxygen carriers impregnated ECat as the reduced
oxygen carriers, Cu, CoO, MnO, and Mn3z0s, impregnated ECat did not show any further

reduction.

SEM analysis: The SEM images of both fresh and used I-Cu/ECat, I-CoO/ECat, I-
Mnz04/ECat, and I-MnO/ECat were examined. Neither fragmentation nor agglomeration
was observed on I-Cu/ECat as seen in Figure 5.39-a after the reduction of I-CuO/ECat
with hydrogen. Furthermore, any deformation was not detected on the used I-Cu/ECat
after testing in cracking of n-hexadecane as illustrated in Figure 5.39-b. However, Cu
accumulation on both fresh and used I-Cu/ECat was observed in Figure 5.39-al and
Figure 5.39-bl, respectively. Since I-Cu/ECat was prepared by the reduction of I-
CuO/ECat with hydrogen, the accumulation of Cu would be expected as shown on CuO

impregnated ECat, as demonstrated previously in Figure 5.20.

As for the 1-CoO/ECat, although no agglomeration was observed on the SEM images,
CoO accumulation and fragmentation were appointed on both fresh and used I-CoO/ECat
catalyst demonstrated in Figure 5.40-a and b. However, neither the reduction process with
hydrogen nor the cracking was the reason for these fragmentation nor metal accumulation.
Instead, both were already observed during the preparation of 1-Coz04/ECat (Figure 5.21)

and attributed to ion states of Co%* and the impregnated amount of Co3Osa.
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Figure 5.40. SEM images of a) fresh I-CoO/ECat and b) used I-CoO/ECat.
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In terms of both I-MnO/ECat (Figure 5.41) and 1-Mn3O4/ECat (Figure 5.42), the catalysts
demonstrated similar properties such as fragmentation, agglomeration and Mn-based

accumulation. As shown previously (Figure 5.22), ECat demonstrates fragmentation,
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agglomeration and Mn- accumulation after the impregnation of Mn2Os. Thus, these
deformations also came forward on its reduced forms, both I-MnO/ECat and I-
Mn304/ECat.
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Figure 5.42. SEM images of a) fresh 1-Mn3;O4/ECat and b) used I- Mn;O./ECat.
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There is no clear suggestion that the deformations on the catalysts (I-Cu/ECat, I-
CoO/ECat, 1-Mn304/ECat, and I-MnO/ECat) were due to the reduction nor cracking
reaction. The physical deformations such as fragmentation, agglomeration, and metal
accumulation, on the prepared catalysts come to exist during the preparation of their
oxidised states impregnated ECat. Suggestions to deal with these problems have already
been mentioned previously, Section 5.3.1.1.

XRF and EDS mapping: The percentage of reduced oxygen carriers, Cu, CoO, Mn304
and MnO, impregnated on ECat, and the true densities of prepared catalysts are presented
in Table 5.9. The true density of ECat slightly increased with the modification of reduced
oxygen carriers. This may simply be attributed to the density differences of the ECat (2.70
g/cm?®) and the reduced oxygen carriers Cu (8.92 g/cm?), CoO (6.44 g/cm®), Mn3O4 (4.86
g/cm?®) and MnO (5.43 g/cm?®). The XRF results show that the required amount of reduced
oxygen carriers were successfully impregnated on the ECat, which is about 5.5 wt.% of
Cu, 16 wt.% of CoO, 29 wt.% of Mn3zO4, and 27 wt.% of MnO.

Table 5.9. Proportion of reduced oxygen carriers impregnated with ECat.

Catalyst True density? Theoretical loading® Actual loading®
(g/cmd) (Wt.%) (Wt.%)
ECat 2.70 n.a. n.a.
I-Cu/ECat 2.77 5.4 6.6
I-CoO/ECat 2.94 16.8 16.3
I-Mn3;0O4/ECat 3.05 29.0 29.4
I-MnO/ECat 3.09 27.7 26.7

2 Measured by Helium Pycnometer. ® Determined the reduced oxygen carriers based on the weight
differences of ECat before and after oxygen carrier impregnation. ¢ Determined the reduced oxygen carriers
using XRF.

Thanks to the preparation method of I-Cu/ECat, I-CoO/ECat, I-Mn3O4/ECat, and I-
MnO/ECat, the dispersion of reduced oxygen carriers on the ECat surface was expected
to be the same with their oxidised states impregnated. The qualitative element spectrums
for catalysts are presented in Figure 5.43-5.46. As it can be detected on each elemental
analysis, Cu was dispersed on the surface of ECat demonstrates in Figure 5.43-a.
However, an accumulation of Cu on both fresh and used I-Cu/ECat was clearly observed
on spot-2 in Figure 5.43-a2 and spot-1 in Figure 5.43-b1.
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Figure 5.44. EDS element spectrums of a) fresh 1-CoO/ECat and b) used I-CoO/ECat.
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The similar accumulation can also be observed for CoO on both fresh and used I-
CoO/ECat catalyst in Figure 5.44-a2 and Figure 5.44-b1. The intensity of the Co-
accumulation on I-CoO/ECat was much higher than Cu accumulation on I-Cu/ECat as
the ratio of impregnated CoO was higher than Cu. Furthermore, the catalysts were
prepared by the reduction of their oxidised states, CuO and Co030s4, as mentioned
previously. Thus, the more accumulation of Co on 1-CoO/ECat may also be attributed to

Co®* ions, which may have a diffusion problem to the pores.

Figure 5.45. EDS element spectrums of a) fresh I-MnO/ECat and b) used I-MnO/ECat.

Similarly, an apparent accumulation of MnO and MnzO4 can be obtained from the SEM
images of I-MnO/ECat (Figure 5.45) and I-Mn3O4/ECat (Figure 5.46). The intensity of
Mn on I-MnO/ECat and I-Mn3O4/ECat were higher than the intensity of Cu on I-Cu/ECat
and Co on I-CoO/ECat. Additionally, even after using these catalysts for the cracking of
n-hexadecane, the intensity of the metals was quite similar to their fresh forms.
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Figure 5.46. EDS element spectrums of a) fresh 1-Mn3;0.4/ECat and b) used I- Mn;O4/ECat.

The other elements in the structure of ECat such as Si, Al, O and even La (trace amount)
can still be detectable. Consequently, the reduced oxygen carriers Cu, CoO, MnO and
MnzO4 were not completely covered the surface of ECat, which means the pores were
still accessible for the cracking feed. Although the accumulation is negative for the
catalytic reactions where the impregnated metal needs to enhance the activity of the
catalyst, it is not the case in terms of the proposed CLC-FCC concept. As the impregnated
reduced (or oxidised) oxygen carriers should not affect the cracking reactions. To keep
the pores and active sites accessible is, therefore, more important to get similar activity

even after oxygen carrier modification.

N> adsorption-desorption analysis: The nitrogen sorption isotherms and textural
properties of I-Cu/ECat, 1-CoO/ECat, 1-Mn304/ECat, and 1-MnO/ECat are presented in
Figure 5.47 and Table 5.10. Impregnation of reduced oxygen carriers did not change the
form of the sorption isotherms of the ECats, which are defined as “type IV according to

IUPAC classification. Furthermore, the hysteresis loop shown in Figure 5.47 may also be
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described as “type H3” as it was also represented on the oxidised oxygen carriers

impregnated ECat catalysts.

After the impregnation of the reduced oxygen carriers, a decrease on BET surface area
was observed approximately 12 m?/g for the impregnation of Cu, CoO, MnO and about
22 m?/g for the impregnation of Mn3Oa. The decrease in the surface area by the
impregnation of metals may be attributed to pore blocking by the metals impregnated
pore mouths. However, as will be described, the fact that cracking activity remains high
indicates that access to the zeolite micropores is not significantly affected. In terms of
pore volume, the reduced oxygen carriers impregnated ECat demonstrated a similar total
pore volume around 0.19 cm?®/g that was slightly lower than the parent ECat (0.25 cm®/g).
The reduction of oxidised oxygen carrier impregnated ECat using hydrogen had no

significant effect on the total pore volume as it was ~0.18 cm?/g.
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Figure 5.47. Nitrogen adsorption-desorption isotherms of fresh reduced oxygen carriers
impregnated ECat; ECat, I-Cu/ECat, I-CoO/ECat, I1-Mn304/ECat, I-MnO/ECat.

As for the average pore diameter, the impregnation of Cu and Mn30Os slightly decreased

it whereas the impregnation of MnO and CoO had no significant effect. Furthermore, the
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neck diameter was not affected by the impregnation of Cu, CoO or MnO. The decrease
in surface area, pore volume and pore diameter may be attributed to the diffusion of
oxygen carriers into the ECat pores. As the decreasing trend in BET surface area and pore
volume with the modification of transition metals on zeolite catalysts have been observed
previously [242, 245-248].

Table 5.10. Surface properties of ECat, I-Cu/ECat, I-CoO/ECat, I-Mn3;O4/ECat, I-MnO/ECat.

Catalyst Surface area (m?/g) Pore volume (cm?/g) Pore diameter (nm)
SBET 8 Smicro b Vtot ¢ Vmeso d Vmicro b dav ¢ dneck ¢
ECat 191 102 025 0.20 0.05 13.8 11.0
I-Cu/ECat 179 116 019 0.15 0.04 13.0 10.3
I-CoO/ECat 181 103 0.19 0.16 0.03 13.5 10.2
I-Mn304/ECat 169 74 0.17 0.15 0.02 12.8 8.8
I-MnO/ECat 177 87 0.18 0.17 0.01 13.7 10.0

2 The BET surface area (Sger) Was calculated on the basis of g ECat. ® Micro surface area (Smicro) and pore
volume (Vmicro) Were calculated using the t-Plot method. ¢ Total pore volume (Vi) was defined as sum of
micro, meso and macro pore volumes. ¢ Meso-pore volume (Vmeso) Was calculated by the BJH adsorption
cumulative volume of pores (2.0-50.0 nm). ¢ Pore diameters, average (day) and neck (dneck), Were calculated
by the BJH method (4V/A).

Bronsted-Lewis acidities via Fourier-transform infrared spectroscopy (IR-Py): The
Bronsted (B) and Lewis (L) acidities measured by Py-IR of parent ECat, I-Cu/ECat, I-
CoO/ECat, I-Mn304/ECat, and I-MnO/ECat, are presented in Figure 5.48, and the

integrated area of the peaks are summarized in Table 5.11 using arbitrary units.

The interactions of pyridine-Bronsted and pyridine-Lewis acid sites are indicated with a
group of adsorption bands on the IR spectrum, at 1540 and 1640 cm™ (Bronsted acidity
[249]), at 1445, 1580 and 1620 cm™ (Lewis acidity [249, 250]) and the band about 1490
cm (either Lewis or Bronsted acidity [247, 249, 250]). The intensity of the Lewis acid
site at around 1445 cm™ was considerably higher than that of Bronsted acid site at about
1540 cm for the parent, and reduced oxygen carrier impregnated ECat. Additionally,
both Lewis and Bronsted acid sites demonstrated a decrease with the impregnation of
reduced oxygen carriers which are in line with previous studies [247, 251]. The integrated
area of both Lewis and Bronsted acidities decreased after the impregnation of Cu, CoO,
Mn3z0O4, and MnO, as seen in Table 5.11. Similar decreases in both Lewis and Bronsted

acid sites were also obtained after the oxidised oxygen carriers impregnated on ECat. The
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decrease in the acid sites may be attributed to the decrease in the surface area and pore

volume due to the impregnation of oxygen carriers.
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Figure 5.48. IR-Py spectra of parent and reduced oxygen carriers impregnated ECat catalysts.

Table 5.11. Integrated area of IR-Py peaks for parent and reduced oxygen carriers impregnated
ECat.

Catalyst L2 (1445 cm™) L+B (1490 cm™) B (1545 cm™)
ECat 1.52 0.30 0.20
I-Cu/ECat 1.30 0.74 0.08
I-CoO/ECat 1.44 0.30 0.02
I-Mn;O4/ECat 1.14 0.20 0.08
I-MnO/ECat 1.36 0.16 0.16

2 ewis (L) acidity area measured by IR peak at 1445 cm™. ®Bronsted (B) acidity area measured by IR peak
at 1545 cm'L.

Coke analysis: Table 5.12 shows that the carbon percentage increased from 0.45 wt.% to
1.09, 1.17, 1.22 and 0.77 wt.% with the impregnation of Cu, CoO, Mn30s, and MnO,
respectively. There were no differences on the coke deposition once the mechanical
mixing method was used. Thus, as described previously, the increase in the coke must be
attributed to the change in pore structures of the ECat with such modification. As

observed previously for oxidised oxygen carrier impregnated ECat, an inverse
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relationship between average pore diameter (Table 5.10) and coke deposition was
obtained for the reduced oxygen carrier impregnated ECat, as the average pore diameter
followed the trends ECat > I-MnO/ECat > I-CoO/ECat > I-Cu/ECat > 1-Mn3O4/ECat
while the carbon percentage on catalysts displayed the opposite trend. The highest level
of coke (1.22 wt% C) was found on I-Mn3O4/ECat, which had the lowest average pore
diameter of 12.8 nm and neck diameter of 8.8 nm once compared with other reduced

oxygen carriers impregnated ECat.

Table 5.12. Coke percentage and normalized coke composition of used catalysts; ECat, I-
Cu/ECat, I-CoO/ECat, I-Mn3;04/ECat, I-MnO/ECat.

Coke on catalyst? Coke composition® Coke type H/Ce
Catalyst (wt.%) (wt.%) (Wt.%)
Carbon Hydrogen  Carbon Hydrogen  SCY  HC®
ECat 0.45+0.02 0.03+0.01 93.6+2.2 6.4+22 0.5 99.5 0.80
I-Cu/ECat 1.1940.34 0.09+0.01 91.9+23 8.1+23 8.4 91.6 0.99
I-CoO/ECat 117 +0.15 0.05+0.07 96.1+0.9 3.9+0.9 - 100 051

I-Mn3O4/ECat  1.22+0.16 0.09+0.05 93.6+2.7 6.4+2.7 328 67.2 0.88
I-MnO/ECat 0.77+0.01 0.05+0.01 93109 6.9+0.9 195 805 0.78

3 Based on g of total coke/ g of ECat. ® Normalized coke composition was calculated by (weight of carbon
(or hydrogen) / weight of coke)*100, wt.%. ¢ Hard Coke, the remain coke % after solvent extraction. ¢ Soft
Coke was determined using the differences of (100-HC), wt.%. ¢ The ratio of H/C was calculated the weight
of H*12/weight of C.

Furthermore, the impregnation of both oxidised and reduced Mn on ECat increased the
content of soft coke. As for the hydrogen content, it was slightly higher due to the
moisture content on the catalysts as mentioned previously, the hydrogen composition in
the coke should be 2-4 wt.% [189]. On the other side, the ratio of H/C calculated for the
reduced oxygen carrier impregnated ECats was in the range presented in the literature,
0.46-1.74 [189].

5.3.2.3 Cracking of n-hexadecane over reduced oxygen carrier impregnated ECats
The cracking activity of reduced oxygen carrier impregnated ECat; I-Cu/ECat, I-
CoO/ECat, I-Mn304/ECat, and I-MnO/ECat, was investigated using n-hexadecane, with

the conversion, coke, gas, liquid yields, and product selectivities presented in Figures

5.49-5.51, respectively. The negligible increases in the overall conversion, where CLC
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was included arise from the very small amounts of C in the CO2 produced by the

combustion reaction during the cracking reactions.

Figure 5.49 shows that there were no significant differences between the overall
conversion and that excluding CLC for the reduced oxygen carrier impregnated ECat. It
implies that there was no further reduction of reduced oxygen carriers due to the
combustion of the cracking feed (n-hexadecane or cracked products) has occurred, which
is confirmed by the XRD patterns of the used catalysts (Figures 5.35-38). In contrast to
earlier studies demonstrating a negative impact of Cu impregnation on the effectiveness
of ZSM-5 for the cracking of palm oil, attributed to a decrease of the Bronsted acidity
[235], the conversion of n-hexadecane here was not affected by the impregnation of Cu
or Mn304. Although the negative effect of Cu was attributed to the decrease on the
Bronsted acidity by Siregar and Amin [235], the relatively small amounts of Bronsted
acidity could still be sufficient for the cracking of n-hexadecane [242].
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Figure 5.49. Conversion (overall and excluding CLC) of n-hexadecane over the control ECat and
reduced form oxygen carrier impregnated ECat; I-Cu/ECat, I1-CoO/ECat, 1-Mn3;O4/ECat, and I-
MnO/ECat.

For CoO impregnation, which caused a dramatic reduction in the amount Bronsted

acidity, the conversion of n-hexadecane was found to decrease to about 32 wt.%.
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However, both the pore structure and acidity remained at a similar level after
impregnation with MnO (Tables 5.10-11). On the other hand, the mechanically mixing of
Co-based oxygen carriers (both reduced and oxidised) demonstrated no significant effect
on the conversion of n-hexadecane. Therefore, the dramatic decrease in both pore
structure and Bronsted acidity after the impregnation of CoO could reduce the cracking
activity of ECat. Although the pore structure of 1-CoO/ECat was lower than that of I-
Co304/ECat, if the combustion of liquid fuels with oxidised Coz04 takes place before the
cracking reactions, both oxidised and reduced oxygen carriers would have demonstrated
similar properties during the cracking reaction with a slightly different conversion result.
As I-Co304/ECat demonstrated lower conversion (26 wt.%) than I-CoO/ECat (32 wt.%),
due to the combustion of liquid feed with C0304. On the other hand, both the pore

structure and acidity were kept quite similar after the impregnation of MnO.
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Figure 5.50. Coke, gas, and liquid yields from the cracking of n-hexadecane over control ECat
and reduced form oxygen carrier impregnated ECat; I-Cu/ECat, 1-CoO/ECat, I-Mn3;O4/ECat, and
I-MnO/ECat.

Figure 5.50 shows that the coke yield increase from 1.5 wt.% to about 3.0 wt.% with the
impregnation of Cu and CoO, to 2.5 wt.% with the impregnation of MnO, whereas the
impregnation of Mn3O4 almost trebled the coke yield, which may be attributed to the
constriction of pore structure. Although the coke vyields did increase with the
impregnation of reduced oxygen carriers, the liquid to gas ratios was largely unaffected

(except for the impregnation of CoO). Similarly, the increase in the coke deposition on
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the FCC catalyst modified with MnO3 after cracking of cumene was demonstrated by
Hosseinpour et al. [253]. Although the impregnation of Cu decreased the coke deposition
during the cracking of bio-oil, overloading of Cu increased the coke deposition [258].
The coke increase was attributed to the Lewis acid sites, which could promote the coking
and results in deactivation due to the dehydrogenation reaction to the produce coke
precursors [258].
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Figure 5.51. Product selectivity of Ci., (light gases), Cs.4 (LPG), Cs.15 (gasoline), Cie+ (higher
hydrocarbons) and coke from the cracking of n-hexadecane over control ECat and reduced form
oxygen carrier impregnated ECat; 1-Cu/ECat, I-CoO/ECat, 1-Mn304/ECat, and I-MnO/ECat.

Excluding coke formation, the use of reduced oxygen carrier modified ECat on the
product selectivity was insignificant (Figure 5.51) except for the selectivity of LPG over
CoO impregnated ECat, which may also explain the lower gas yield as presented in Figure
5.50. Given that the reduced oxygen carriers increased the coke yield on the catalyst,
identification of the coke structure (soft coke and hard coke, Table-5.12) on the catalyst
after the modification with the reduced oxygen carriers is, therefore, an essential issue for
the proposed CLC-FCC concept.

However, the results may change based on the cracking feed. As Siregar and Amin [235]

studied the cracking of palm oil over Cu modified ZSM-5 zeolite catalyst and reported
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that the selectivity of gasoline decreased with the impregnation of copper. Further, a
decreasing trend was observed once the ratio of impregnated copper was increased up to
8 wt.%, which was the highest ratio tested in their study. Although a decrease in coke
deposition was observed with low Cu impregnation, the coke deposition increase with

higher Cu impregnation on Beta zeolite catalysts in cracking of bio-oil [258].

Identification of the coke structure (soft coke and hard coke) on the catalyst after the
modification with reduced oxygen carriers is important for the proposed CLC-FCC
concept. If it is predominantly hard coke, a greater amount of oxidised oxygen carrier
circulation from air reactor o regenerator would be required for the CLC-FCC concept. If
the coke is predominantly soft, that will not affect the process dramatically, as the soft

coke is stripped on the conventional system before the regeneration.

54  Summary

In summary, the cracking experiments over reduced oxygen carriers mixed ECat (M-
Cu>O/ECat, M-CoO/ECat, and M-Mn3O4/ECat) and reduced oxygen carrier impregnated
ECat (I-Cu/ECat, I-Mn304/ECat, and I-MnO/ECat) demonstrate no significant effect on
the cracking of n-hexadecane in terms of conversion, yields, and product selectivities.
However, the mixing of metallic Cu (M-Cu/ECat) and impregnation of CoO (I-
CoO/ECat) had a detrimental effect on the conversion of cracking reaction. In addition to
the cracking reaction, a combustion reaction was discovered between oxidised oxygen
carriers (CuO, Cos04, and Mn203) modified with ECat and cracking feed (n-hexadecane)
at a relatively low temperature of 482 °C. Due to the relatively small amount of oxidised
oxygen carriers used in the modifications, the combustion reaction was minimized.
Furthermore, it can be eliminated with the use of completely reduced oxygen carriers
modified ECat on the cracking reaction, as suggested on the proposed CLC-FCC concept.
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Chapter 6
Chemical Looping Combustion of FCC Coke

6.1  CLC of model coke with oxygen carriers in TA instrument

6.1.1 Oxygen carriers and model coke behaviours in TGA conditions

In CLC tests, a low volatile semi-anthracite Welsh coal was used as a model FCC coke
due to its elemental similarities with FCC coke, and it was combusted with different
oxygen carriers; CuO, Mn203, and Co304. A suitable oxygen excess number (which is
defined as the molar ratio of oxygen to fuel) is one of the most crucial parameters to
promote combustion of fuel (or model coke) [161]. Thus, the combustion of model coke
with oxygen carriers was performed at different oxygen excess numbers (ratio of oxygen
carrier/model coke; R=0.5, 1.0, 2.0).

Table 6.1. Ultimate and proximate analysis of the semi-anthracite model coke and normalized

elemental analyses of the model and FCC cokes.

Ultimate analysis? (wt.%) Proximate analysis® (wt.%0)

C H N S oP TMA VM FC Ash

86.3 4.3 1.5 2.2 5.7 0.5 16.2 70.3 13.5
Normalized element analysis (wt.%6) of model coke and FCC cokes

Coke type C% H % N % S% References
Model coke 91.6 4.6 1.6 2.3 -

FCC coke-1 91.2 4.2 2.5 1.9 [189]

FCC coke-2 93.0 2.9 3.8 0.4 [189]

FCC coke-3 93.0 2.6 3.0 0.1 [189]

TM: Total Moisture, VM: Volatile matter, FC: Fixed carbon. * Dry basis, ® Determined by difference, ¢
On dry basis except for moisture which is as received basis, ¢ As received basis.

Before the CLC tests of model coke with oxygen carriers, baseline experiments of model
coke and oxygen carriers were investigated in order to understand the composition of

model coke and oxygen release capacity of oxygen carriers. The proximate and ultimate
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analyses presented in Table 6.1 indicate that the semi-anthracite has a similar elemental
composition to FCC coke, and, on this basis, was selected for the CLC experiments as a

model coke.
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Figure 6.1. TGA profile of the model coke under nitrogen and air atmosphere at 1000 °C.

Figure 6.1 shows the TGA profile of the model coke under nitrogen and then air
atmosphere. Model coke shows three weight loss stages; the first two stages were
observed under nitrogen atmosphere at the temperatures of 35-110 °C and 200-600 °C.
As soon as the air was switched on at the same conditions, the third weight decrease was
obtained. The first one (0.5 wt.%) is the moisture content of model coke. The second one
(approximately 16 wt.%) is probably due to the volatile matters of model coke, and the
last one (70 wt.%) is the fixed carbon of the model coke. The remaining part (13 wt.%)

is attributed to ash content (Figure 6.1).

In order to clarify the reduction steps of oxygen carriers, TGA profiles of oxygen carriers
are demonstrated in Figure 6.2. The TGA results of the oxidised oxygen carriers shown
that the weight loss percentages for the reductions from CuO to Cu20, Co304 to CoO and
M2>03 to MnzO4 are ca. 10.1, 6.4, and 3.6 wt.%, respectively, close to their theoretical
values. The results proved that the oxygen carriers can release oxygen due to their CLOU
properties as it has been demonstrated in the literature [23, 160, 175, 227]. The oxygen
released from oxygen carriers can be therefore used to combust the coke on the FCC

catalysts if mixed effectively with the model coke exists. Moreover, a good mixture of
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FCC coke and oxygen carriers may give a solid-solid reaction between the coke and the
oxygen carriers which has already been observed in TGA apparatus between char and

Cu-, Co-, Mn- Ni- and Fe- based oxygen carriers [102, 153, 175, 259].
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Figure 6.2. TGA profiles of oxygen carriers under N> atmosphere (TP: Temperature profile).

6.1.2 Chemical looping with oxygen uncoupling for the combustion of model coke
with CuO

The effects of temperature and oxygen excess number (according to reaction 6.1) on the
combustion of model coke with CuO are presented in Figure 6.3. It is possible to reach
higher than 90 wt.% combustion with the minimum stoichiometrical requirement (R=
1.0) for CuO over the range 750 to 900 °C. Thus, increasing the oxygen excess number
from 1.0 to 2.0 had no significant effects. Further, as expected, decreasing the oxygen
carrier below the stoichiometric ratio decreased the extent of combustion (for R+0.5, 46,
31, 40 and 41 wt.% at 900, 850, 800, and 750 °C, respectively, Figure 6.3). The high
degree of combustion was also reported for coal combustion with CuO by Siriwardane et
al. [102]. However, although it is possible to reach full combustion at 750 °C, the
combustion time dramatically increase at a temperature < 800 °C because of the fact that
oxygen release at such temperatures is very low [23, 96, 160].

Cr10Hus3 + 331Cu0 - 165.5Cu,0 + 71.9C0, + 21.6H,0 (6.1)
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Figure 6.3. Combustion (wt.%) of model coke with CuO in various oxygen excess numbers (R =
0.5, 1.0, and 2.0) at various isothermal temperatures (750-900 °C).

The fractional reductions of the model coke with CuO for different oxygen excess
numbers are presented in Figure 6.4, where WC refers to the model coke, Cu indicates
CuO and R0.5, R1.0 and R2.0 refers to the oxygen excess numbers. As demonstrated in
Figure 6.4, the fractional reduction tends to decrease with the isothermal combustion
temperature as reported by Siriwardane et al. [102] for the combustion of solid fuels with
oxygen carriers. For example, the required time for the 0.8 of fractional reduction was
about 1, 3, 9, and 45 min at 900, 850, 800, and 750 °C, respectively, at the oxygen excess
number of 1.0. These differences, especially below 800 °C, can possibly be attributed to
the partial pressure of oxygen released from CuO at the isothermal temperatures being 15
times higher at 900 °C (15*107%) than that at 800 °C (1.0*107%) [23, 175]. This shows that
the combustion reaction between gas phase oxygen and solid model coke is much faster
than the solid oxygen carrier-solid model coke reactions, as expected.

Clearly, the oxygen excess number needs to be equal or higher than the stoichiometric
level to achieve a fractional reduction of 1.0 and complete combustion [148], which was
achieved here with a stoichiometric amount of CuO (R > 1.0) and allowing sufficient time
(Figure 6.4). However, using excessive oxygen carrier sometimes negatively affects the
fractional reduction. Figure 6.4 indicates that longer times were required to achieve high
fractional reductions once the oxygen excess number was 2.0 (red-continuous line). This
may be due to increasing inhomogeneity in the mixtures with the model coke, which will
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be a negatively impact on solid-solid interactions. As expected, fractional reductions fell
below the stoichiometrical requirement (R = 0.5). The high fractional reductions for CuO
with the model coke when R= 1.0 is consistent with other reports for the combustion of

coal with oxygen carriers [161, 175, 260].
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Figure 6.4. Fractional reduction of model coke with CuO for various oxygen excess numbers (R
=0.5, 1.0, and 2.0) at various isothermal temperatures a) 900 °C, b) 850 °C, ¢) 800 °C, d) 750 °C.

Figure 6.5 demonstrates the weight loss rates of model coke with CuO for different
oxygen excess numbers and isothermal temperatures. The weight loss, related to fixed
carbon of model coke, occurs between 660 °C - isotherm temperatures (750, 800, 850,
and 900 °C), which was also reported in various CLC-solid fuel studies [102, 161, 261-
263]. Additionally, the maximum weight loss occurs approximately in the isothermal
region. The increase in the temperature dramatically increased the maximum weight loss
rate to 34.1 wt.%/min for R=2.0, 43.2 wt.%/min for R=1.0, and 42.8 wt.%/min for R=0.5
at 900 °C (Figure 6.5-a).
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Figure 6.5. Weight loss rate of model coke (hard coke part) with CuO for various oxygen excess
numbers (R=0.5, 1.0, and 2.0) at various isothermal temperatures a) 900 °C, b) 850 °C, c) 800 °C,
d) 750 °C (line dashes represent the temperature profile).

The combustion between CuO and fixed carbon of model coke at high isothermal
temperatures are much faster than that at low isothermal temperatures. The weight loss
rates, which are found in these experiments, are high compared with the studies conducted
by CuO-solid fuel [102, 150, 161, 261-265]. In the literature, the heating rate is generally
used 20 - 100 °C/min for combustion. However, in this study, the heating rate was
adjusted at 500 °C/min. As the regenerator of FCC unit is operated between 650-800 °C
and the catalysts are generally faced with high temperatures once they drop into the
regenerator. In order to obtain more accurate results, the regeneration of coke deposited
FCC catalysts are therefore investigated with a rapid heating rate. The high weight loss

rates in this study may be attributed to the rapid heating rate.

136



6.1.3 Chemical looping with oxygen uncoupling for the combustion of model coke
with Co304

In addition to the CuO, the combustion results and fractional reduction of model coke
with Co3O4 are presented in Figure 6.6 and 6.7, respectively. The combustion of model
coke with Coz04 being presented in reaction 6.2.

Cy719H43 3 + 165.5C050, —» 496.5C00 + 71.9C0, + 21.6H,0 (6.2)
100 A m R2.0
1 R1.0
80 A I
< ! | I R0.5
> 1
2 60 -
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Figure 6.6. Combustion (wt.%) of model coke with CosO4 in various oxygen excess numbers (R
= 0.5, 1.0, and 2.0) at various isothermal temperatures (750-900 °C).

Figure 6.6 shows that the combustion increased with temperature and was over 80 wt.%
using the stoichiometrically required amount of Coz04 at the temperatures from 750 to
900 °C. However (as also observed for CuO) using higher than the stoichiometrically
required amount of Co3Qg, slightly increased the extent of combustion at all temperatures.
On the other side, the extent of combustion of model coke with CuO was higher than that
with Co30a. For example, the combustion % was as approximately 90 wt.% for CuO
compared to 80 wt.% for Co3O4 at 850 °C, as demonstrated in Figures 6.3 and 6.6,
respectively.
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Figure 6.7. Fractional reduction of model coke with Cos;04 for various oxygen excess numbers
(R=0.5, 1.0, and 2.0) at various isothermal temperatures a) 900 °C, b) 850 °C, ¢) 800 °C, d) 750
°C.

A high fractional reduction at high isotherm temperatures in seconds is possible.
However, for a fractional reduction of 0.9, 20 min is required 800 °C (R = 1.0 and 2.0).
On the other hand, once the temperature decreased to 750 °C, the fractional reduction was
only 0.8 after 200 min due to the low partial pressure of O over CosO4, about 1.0*107 at
750 °C, which is 6 times lower than that at 800 °C and 49 times lower than that at 850 °C
[23]. As mentioned previously, a sufficient amount of Co304 is the utmost importance for
the complete combustion. While there are no differences on the fractional reduction for
the R = 1.0 and 2.0 at 850-900 °C, the fractional reduction has been negatively affected

by using higher amount of oxygen excess number at 750 °C, seen Figure 6.7c.
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Figure 6.8. Weight loss rate of model coke (hard coke part) with CosO,4 for various oxygen
excess numbers (R=0.5, 1.0, and 2.0) at various isothermal temperatures a) 900 °C, b) 850 °C, ¢)

800 °C, d)750 °C (line dashes represent the temperature profile).

Figure 6.8 shows that the maximum weight loss rate is observed at 900 °C as
approximately 23 wt.%/min for the oxygen excess numbers of 1.0 and 2.0. However, the
weight loss rates demonstrate a decreasing trend once the isotherm combustion
temperature decreasing. Moreover, although the partial equilibrium pressure of O, over
C0304 much higher than that over CuO at the same temperature [23, 175], the weight loss
rates for CosO4 are lower than that for CuO. While it is nearly about 25 wt.%/min for the
combustion of model coke with CuO at 850 °C, it is only 15 wt.%/min for the combustion
with Co304 at the same conditions. This differences may be attributed to the oxygen
carrier capacity of oxygen carriers as each gram of model coke needs almost 23 g of CuO
(for the reduction to Cu20) and 35 g of Co3O4 (for the reduction to CoO). Once the
required amount of oxygen carrier increase, the interaction between model coke and the

oxygen released from the oxygen carrier tends to take more time.
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6.1.4 Chemical looping with oxygen uncoupling for the combustion of model coke
with Mn203

The combustion of model coke was also investigated with Mn2Os, which can also show
CLOU properties [23, 96, 266, 267] and the results are presented in Figure 6.9. Because
of the relatively large amount of Mn,QOg3 requires, the experiments were investigated
under 1.5 oxygen excess number instead of 2.0. The combustion of model coke with

Mn20s is represented by the following reaction 6.3.
C719Hy33 + 496.5Mn,05; - 331.0Mn;0, + 71.9C0O, + 21.6H,0 (6.3)
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Figure 6.9. Combustion (wt.%) of model coke with Mn,Os in various oxygen excess numbers (R
= 0.5, 1.0, and 1.5) at various isothermal temperatures (750-900 °C).

It is possible to reach almost full combustion using the required amount of Mn2O3 from
750 °C to 900 °C, shown in Figure 6.9. The extent of combustion was almost 100 wt.%
once the oxygen excess was number above 1.5. When the oxygen excess number was
kept at the stoichiometrical amount, 1.0, the extent of combustion was in the range 87-92
wt.%. Again, as expected, when insufficient oxygen carrier was present, such as for an

oxygen excess number of 0.5, the extent of combustion was below 50 wt.% (Figure 6.9).
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Figure 6.10. Fractional reduction of model coke with Mn,Os for various oxygen excess numbers
(R=0.5, 1.0, and 1.5) at various isothermal temperatures a) 900 °C, b) 850 °C, ¢) 800 °C, d) 750
°C.

The fractional reductions of model coke with Mn,Oz for the different oxygen excess
numbers and temperatures are presented in Figure 6.10. The fractional reductions reach
1.0 in less than 40 min, which is quite similar to the time for coke combustion in the
conventional regenerator, approximately 30-60 min [268] at 750 °C with the
stoichiometrically required amount of oxygen carrier, R = 1.0, or more, R = 1.5.
Additionally, the required time to reach the fractional reduction of 1.0 with Mn2O3 (about
40 min) was lower than that with both CuO (about 60 min) and Co304 (about 200 min).
This may be attributed to the partial pressure of oxygen over Mn»Oz, which is much
higher than that over both CuO and Co304 at the same temperature [23, 175]. The increase
in combustion temperature enhanced the fractional reduction as for CuO and C030a. For
instance, the fractional reduction reached 1.0 in seconds at 900 °C, in 5 min at 850 °C,
and in 10 min at 800 °C (R = 1.0 and 1.5). In contrast to CuO and Co304, the increase in

the oxygen excess number enhanced the fractional reduction of model coke with the
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oxygen carrier, seen in Figure 6.10. This increase might be attributed to the amount of
excess oxygen number.
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Figure 6.11. Weight loss rate of model coke (hard coke part) with Mn,O3 for various oxygen
excess numbers (R=0.5, 1.0, and 1.5) at various isothermal temperatures a) 900 °C, b) 850 °C, ¢)

800 °C, d)750 °C (line dashes represent the temperature profile).

Figure 6.11 demonstrates the weight loss rate for the combustion of model coke with
Mn,O3 at different isothermal combustion temperatures. The weight loss rate decrease
with temperature decreasing from 15 wt.%/min at 900 °C to 1.0 wt.%/min at 750 °C for
the oxygen excess number of 1.0. The weight loss rates demonstrate a long shoulder after
the intensive initial weight decrease. The intensive peak may be attributed to the
combustion of model coke with the gas phase oxygen released during the reduction of
Mn203 to Mn3O4. The shoulder, after the sharp gas-solid combustion peak, may be
attributed to the combustion reaction on the interface of solid model coke and solid Mn304
reducing to MnO obtained as a wide shoulder. The similar solid-solid reaction has already
been observed for the combustion of char with Mn-based oxygen carriers [102, 153, 175,
259].

142



In summary, the TGA studies demonstrated that complete combustion is possible once
the stoichiometrically required amounts of oxygen carriers (CuO, Co304, and Mn203) and
sufficient time have been provided. Additionally, higher than 90 wt% combustion of
model coke was achieved with CuO and Mn20s at 750 °C for 40—-60 min, almost similar

conditions used in the conventional regenerator of FCC units.

6.2 CLC of MAT coke with oxygen carriers in a fixed-bed mass spectroscopy
(FXB-MS) unit

The combustion tests of model coke with oxygen carriers in the TGA equipment revealed
productive results in terms of the optimum combustion temperature, oxygen excess
number, and oxygen carriers. Using these optimum conditions the CLC tests were
repeated with coke deposited on ECat (MC — derived from the cracking tests of n-
hexadecane over ECat in MAT reactor) with oxygen carriers in a fixed-bed reactor

equipped with online mass spectroscopy (FxB-MS).

6.2.1 Baseline experiments of the model and MAT coke in FxB-MS unit

6.2.1.1 Comparison of TGA and fixed-bed combustion profiles of model coke with CuO

In order to identify a relationship between TGA and FxB-MS results, the CLC test of
model coke with CuO carried out in TGA was repeated using an FxB-MS unit under the
same experimental conditions. As seen from Figure 6.12-a, the derivative weight (red
line) consisted of three weight loss steps, the first one (S-1) had approximately 1.1 wt.%
at the temperatures between 420-600 °C, which must be attributed to removing volatiles
from coal and combustion with solid CuO. The low weight loss for the first step may
explain the type of model coke, which is a low volatile semi-anthracite coal. As lower
volatile matter contents produce lower CO> for the first stage as demonstrated by Wang
et al. [262] who investigated the combustion of coals (LPS and YQ) having different
ranks with CuFe>O4 as an oxygen carrier. The second one (S-2) had about 1.2 wt.% at the
temperatures 600-780 °C, which may come to exist by solid-solid interaction of model
coke and CuO. The final one (S-3) was approximately 10.4 wt.% at the temperatures 780-

850 °C, which must be due to the combustion of fixed carbon with the gas phase oxygen
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released from CuO due to auto-decomposition of it (from CuO to Cu20) at 790 °C [265],
having a partial pressure of oxygen about 1.0*10 at 800 °C [23].
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Figure 6.12. Comparison of TGA and FxB-MS combustion profiles of model coke with CuO at
850 °C under N, atmosphere, a) TGA results, b) comparison of TGA and FXB-MS results (“IC”
refers to lon Current measured by MS).

These findings are the same as Shabani et al. [265] who investigated the CLC of ash-free
coal with CuO. According to Shabani et al. [265], CuO reduction induced by volatile
matters released from the coal occurred at a temperature around 400 °C and char
combustion induced by oxygen released from CuO at about 800 °C just after auto-
decomposition of CuO. A slight loss in mass, observed from 450 to 790 °C, was attributed
to solid-solid interaction of char and CuO particles [265]. Similarly, the three TGA
reaction steps for the combustion of another coal, Illinois #6, with CuO were also
presented by Siriwardane et al. [102], where the steps were defined at 300-460 °C, 460-
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550 °C and 550-810 °C. Furthermore, the investigation of LPS coal combustion with
Fe203 has occurred in three reaction stages, as presented by Baowen et al. [261].

In Figure 6.12-b, the weight derivative line (red line) obtained in TGA experiments were
compared with the CO> evaluation (green line) obtained from the FxB-MS unit. The CO-
recorded by MS demonstrates three different steps, which are in line with the steps
measured by the TGA experiments. However, the derivative weight continued to decrease
after 60 min, although no CO: released after that point. This further decrease may be
attributed to excessive oxygen released from excess oxygen carriers due to the fact that
some of the volatiles was removed from the mixture without combustion or adding a

slightly higher oxygen carrier than required.

6.2.1.2 Identifying the products from the combustion of the model and MAT coke with
CuO in FxB-MS unit

The CLC of both model and MAT coke with CuO were investigated at 850 °C under a
N2> atmosphere using the FxB-MS (Figure 6.13), with each combustion experiment
repeated twice. The MS detected three main gases (a large amount of CO_, and small
amounts of CH4 and H>) released from the CLC of both model and MAT coke with CuO.
Additionally, the intensity of the CO2 peaks was about the same due to the fact that an
equal amount of carbon was combusted in both experiments. The much lower ion current
intensity derived from the uncombusted gases CHs and H; may be from either
uncombusted volatiles removed from the MAT coke or the step where the solid-solid

interaction occurs.

As mentioned previously, the combustion of model coke with CuO occurred in three steps
at (i) 420-600 °C, (ii) 600-780 °C, and (iii) 780-850 °C (Figure 6.12 and 6.13-a), whilst
the combustion of MAT coke with CuO occurred in one stage, which started from ~580
°C and accelerated after ~700 °C (Figure 6.13-b). The MAT coke deposited on the
catalyst during the cracking reaction consisted of two main parts, soft coke
(dichloromethane soluble) and hard coke (dichloromethane insoluble) [252, 269]. The
former can be removed from the catalyst surface at low temperatures, but higher
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temperatures and oxygen are required to remove the latter (hard coke) from the catalyst

surface.
Co; (1) — CO (2 ———T(QO T CHy (1) — CHs (2
4.00E-09
1.40E-07 \/ - 800
- 800 ,
1.20E-07 2.00E-09 ] L 400
< 100E-07 - 600 9 0.00E+00 -+ S— —L 0
= o 10 39 50 70
$ 8.00E-08 R O
fo— E’ I‘l
S 6.00E-08 [A07g Hz (L H (2)
5 £ 8.00E-11 , ]
S & / 800
4.00E-08 /
20 00E-11 | ]
2.00E-08 H00EAL Y 400
0.00E+00 S ; ; 0 0.00E+00 —— 1
10 20 30 40 50 60 70 80 10 30 50 70
Time (min)
CO2 (1) —— CO; () -~ T —— T - CHy (1) —— CHi(2
1.40E-07 i
__________________ 4.00E-09 === g
- 800
1.20E-07 200609 { 00
. 1.00E-07 G .
< [ 600 0.00E+00 /\\-* " 0
= 8.00E-08 =P 4 10 30 50 70
o & }
3 6.00E-08 400 8 RO H, (2)
<
2 4 00E-08 = 8.00E-11 1 w0
F 200 4 ‘
2.00E-08 4.00E-11 1 \l,‘r,\ L 400
0.00E+00 T T 0 0.00E+00 !,,, _ .' i VI' i 0
60 70 80 10 30 50 70

Time (min)

Figure 6.13. Comparison of the combustion products of a) model coke, which is a semi-
anthracite, and b) MAT coke (MC), which was deposited on ECat during the cracking of n-
hexadecane at 482 °C, using stoichiometrically required amount CuO in FxB-MS unit at 850 °C
under N2 atmosphere (“1 and 2” refers to repeating tests). The ratio of m/z was 44 for CO,, 15 for
CHa, 2 for H, and 28 for N..

As presented in both Table 5.7 and Table 5.12 in Chapter 5, the amount of coke deposited
on ECat was about 0.48 wt.% after the cracking of n-hexadecane, which was composed
of 0.5 wt.% soft coke and 99.5 wt.% of hard coke. The combustion step for the soft coke
was not, therefore, visible due to the low amount of soft coke. Furthermore, low-

temperature combustion, (starting at ~580 °C and accelerating at ~700 °C) may be
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attributed to the solid-solid interaction thanks to the dispersion of coke on the catalyst
surface. Siriwardane et al. [175] noted that according to the positive Gibbs free energy
analysis, the reaction between CuO and C can be favourable between 200-1000 °C even
though CuO decomposition is not thermodynamically favourable below 713 °C.
Therefore, the carbon in the coke may induce the Cu—O bond breaking process to initiate
the combustion at a temperature of 580 °C. Similar findings, also presented by
Siriwardane at al. [175] demonstrated the combustion of pure carbon with CuO occurred
at 480 °C. Additionally, the shift on the CO- to the lower temperature for the combustion
of MAT coke with CuO may also be attributed to the coke dispersion on the catalyst on
the contrary of bulk model coke.

The combustion of model coke might have driven by the shrinking core model where the
outer carbon combusts first and then the combustion continuous to inside [270]. Thus, a
clear transition step due to the solid-solid interaction was observed for the combustion of
model coke with CuO in Figure 6.13. In terms of MAT coke, the transition stage,
however, connected with the combustion of hard coke with oxygen released from the
oxygen carriers thanks to the coke dispersion on the catalyst surface, which enable high
interaction surface of coke and CuO.

6.2.1.3 Calibration graph for converting of ion current (A) to the percentage of CO>

(vol.%) in combustion flue gases

In order to present the combustion results in an understandable way, a calibration graph
was drawn lon Current vs volumetric ratio of CO». Each gas mixture having a specific
CO. percentage demonstrated a specific lon Current (A) value, as presented in Figure
6.14. When the ratio of COz in the mixture kept same, the lon Current measured by MS
had a constant value. For example, the mixture having 6 vol.% of CO> gave an lon Current
of 1.61*108 A. Once the volumetric ratio of CO; increased to 10 vol.%, the lon Current
increased to 2.62*10°8 A. Thanks to the calibration graphs, the lon Currents measured by
MS with time could be converted to the volumetric CO2 percentage in the output gas
mixture. It is, therefore possible to calculate the volumetric flow rate of CO in time using

a constant carrier gas flow rate of No.
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Figure 6.14. Calibration graph for the ion current to the a) percentage of CO; and b) percentage

of N2 in combustion gases.

6.2.1.4 Combustion behaviour of the model and MAT cokes with CuO in FxB-MS unit

It was important to compare the combustion behaviours of the cokes; (i) produced by the
cracking of vacuum gas oil (VGO), which is a real feedstock, (ii) produced by cracking
of model compound, n-hexadecane, and (iii) model coke, with CuO, as shown in Figure
6.15. The CO; release from the combustion of MAT coke (produced by the cracking of
VGO) started at a temperature of 420 °C where the combustion of model coke (volatile
matter) started. This first part of the combustion may, therefore, be attributed to the
combustion of soft coke (in the MAT coke produced by VGO cracking) or volatiles (in
model coke) with solid CuO. Furthermore, an apparent delay in the combustion of hard
coke (produced by the cracking of VGO) can be observed compared with that of n-
hexadecane, which may be attributed to different coke type produced by different
cracking feeds, VGO and n-hexadecane. As the properties of coke such as location, nature
and amount depend on the feed composition, catalyst type and reaction conditions [271].
Cerqueira et al. [272] noted that cokes deposited on the catalyst during the cracking
reactions may be defined in five main groups; catalytic coke, catalyst to oil coke, thermal
coke, additive coke, and contaminant coke.
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Figure 6.15. Comparison of the combustion behaviour of model and MAT coke with CuO in
FxB-MS unit at 850 °C under N atmosphere (“WC” refers to model coke, which is low volatile
semi-anthracite Welsh coal, “MC-C16 and MC-VGO” refer to MAT coke which was deposited
on ECat during the cracking of n-hexadecane (C16) and vacuum gas oil (VGO) at 482 °C).

Table 6.2. Combustion % of the model and MAT cokes with CuO in FxB-MS unit at 850 °C
under N2 atmosphere.

Coke source Oxygen Temperature  Vcoacoke ® Vcozms© Combustion
carrier (°C) (ml) (ml) (vol.%)
wcC? CuO 850 80.5 775 96
MC-C16° CuO 850 78.6 78.2 99
MC-VGO ¢ CuO 850 71.9 71.1 99

2 Model coke, low volatile semi-anthracite Welsh coal, ® MAT coke deposited on ECat during the cracking
of n-hexadecane (C16), ¢ MAT coke deposited on ECat during the cracking of vacuum gas oil (VGO), ¢
Volume of CO. calculated on the basis of carbon in coke, ¢ Volume of CO; calculated by the integration of
the lines presented in Figure 6.15.

Additionally, as demonstrated previously, the coke produced by the cracking of n-
hexadecane contained a minimal amount of soft coke. However, complete combustion
was achieved for the cokes provided by different kinds of feeds, VGO and n-hexadecane,
using CuO as an oxygen supplier, as indicated in Table 6.2. Furthermore, high combustion
(96 vol.%) was also achieved for the combustion of model coke with CuO under same

conditions.
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6.2.2 CLC of MAT coke deposited on ECat with bulk oxygen carriers in FxB-MS

unit

6.2.2.1 Effect of the temperature on the CLC of MAT coke deposited on ECat

Although high temperatures (higher than 800 °C) are usually investigated for the
combustion of solid fuels [153, 263-265, 273-275], it is preferable to 650-760 °C for the
combustion of coke deposited on ECat [65, 272]. The CO: flowrates during the
combustion of coke deposited on ECat with CuO for four different temperatures were
presented in Figure 6.16, and the combustion % are indicated in Table 6.3.
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Figure 6.16. Effects of temperatures (700-850 °C) on the combustion of MAT coke with CuO in
FxB-MS unit under N, atmosphere.

Figure 6.16 and Table 6.3 demonstrate that a decrease in the combustion temperature
caused a decrease in combustion %. Whereas the combustion of coke with CuO reached
a reasonably high value (higher than 90 vol.%) at the temperatures higher than 750 °C for
45 min, this was reduced to 59 vol.% at 700 °C. The required time to reach complete
combustion at 700 °C is much higher than that at the temperatures higher than 750 °C.
This decrease in the combustion may be attributed to the oxygen releasing rate of CuO
being so much slower at lower temperatures [23, 97, 276, 277]. Due to the low partial
pressure of oxygen at low temperatures, the CO- evolution demonstrated a long tail even
after an hour. However, as clearly seen from Table 6.3, greater than 90 vol.% of coke

deposited on ECat was be removed with bulk CuO at temperatures higher than 750 °C for
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45 min which is within the range of standard regenerator conditions of conventional FCC
units [65, 268, 272]. The identified products from the combustion of coke deposited on
ECat with CuO at different temperatures are presented in Figure B1 in Appendix B.

Table 6.3. Combustion % of MAT coke with CuO in FxB-MS unit at a temperature ranges 850-
700 °C under N atmosphere.

Coke source Oxygen Temperature  Vcozcoke® Vcozms® Combustion
carrier (°C) (ml) (ml) (vol.%)
MC-C16 CuO 850 78.6 78.2 99
MC-C16 CuO 800 78.6 774 98
MC-C16 CuO 750 74.8 69.5 93
MC-C16 CuO 700 74.8 44.3 59

2yolume of CO; calculated on the basis of carbon in the coke, ? volume of CO; calculated by the integration
of the graph for 45 min (25-70 min) presented in Figure 6.16.

6.2.2.2 Effect of the oxygen carriers on the CLC of MAT coke deposited on ECat

One of the temperatures (800 °C) tested in the previous section was selected to
demonstrate the effect of different oxygen carriers, CuO, Co304, and Mn2Ogz, on the
combustion of coke deposited on ECat under the same experimental conditions with the

results presented in Figure 6.17 and Table 6.4.

Table 6.4. Combustion % of MAT coke with CuO, Co0304, and Mn;0z in FxB-MS unit at a
temperature of 800 °C under N, atmosphere.

Coke source Oxygen Temperature  Vcozcoke® Vcoams® Combustion
carrier (°C) (ml) (ml) (vol.%)
MC-C16 CuO 800 78.6 77.4 98
MC-C16 Co304 800 75.6 68.7 91
MC-C16 MnO3 800 79.6 72.7 91

2volume of CO; calculated on the basis of carbon in the coke,  volume of CO; calculated by the integration
of the graph for 70 min presented in Figure 6.17.

There was no, or minimal CO; observed due to the soft coke combustion with Co3zO4 and
CuO, was shown in Figure 6.17. On the other hand, the combustion of hard coke
demonstrated variable times with the using of different oxygen carriers. The combustion
of hard coke with Mn.O3 was slightly shifted to lower temperatures and completed earlier

compared to the combustion with both CuO and Co30a. The differences in the combustion
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times and shifting on the CO2 may be attributed to the oxygen releasing temperature and

capacity of these oxygen carriers at the same conditions [23, 97, 276, 277].
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Figure 6.17. Effects of oxygen carriers, CuO, Co304, and Mn;Os, on the combustion of MAT
coke in FxB-MS unit at 800 °C under N, atmosphere (SC: soft coke and HC: hard coke).

It was possible to reach higher than 90 vol.% coke combustion with CuO, Co304, and
Mn20s for less than 30 min at a temperature of 800 °C, as shown in Table 6.4. These
results are similar to the experimental results of model coke combustion with bulk oxygen
carriers in a TGA presented in the previous section, in which approximately 12 min for
the 90 wt.% combustion of model coke with Mn2Os, about 15 min for the 90 wt.%
combustion of model coke with Co304, and roughly 19 min for the 100 wt.% combustion
of model coke with CuO. The identified products from the coke combustion with CuO,
C0304 and Mn20O3 at 800 °C are presented in Figure B2 in Appendix B.

6.3  CLC of coke deposited on reduced oxygen carrier impregnated ECat with
oxidised oxygen carrier impregnated ECat in FxB-MS and FsB-MS units

In the previous section, the coke deposited on ECat was combusted with bulk oxygen
carriers, CuO, Co304 and Mn20s. However, as suggested in the proposed CLC-FCC unit,
it is important to identify the combustion of coke deposited on reduced oxygen carriers
impregnated ECat (coming from the FCC riser) with oxidised oxygen carriers
impregnated ECat (coming from the air reactor). Therefore, the coke deposited on I-

Cu/ECat and I-Mn304/ECat during the cracking of n-hexadecane was combusted using
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their oxidised states impregnated ECat catalysts, I-CuO/ECat and 1-Mn2Os/ECat,
respectively. The coke deposited on I-CoO/ECat was not investigated due to its
detrimental effect on cracking described above.

6.3.1 CLOU properties of oxidised oxygen carriers impregnated ECat

The CLOU properties of I-CuO/ECat and 1-Mn2O3s/ECat were investigated and compared
with those of bulk CuO and Mn20s, respectively. The m/z ratios (32 and16) were used
for the determination of O released by oxygen carriers. There was no other gas in the
system, which can overlap with the O line. Figure 6.18-a demonstrates that oxygen
release started at ~510 °C, and linearly increased with temperature until ~750 °C, after
that the rate of oxygen release increased rapidly. However, when the same amount of bulk
CuO was tested, oxygen release started at ~780 °C (red line in Figure 6.18-a), and the rate
was constant until 800 °C. These tests substantiate previous findings [23, 97, 265] in
which the auto-decomposition of CuO to Cu.O starts at ~790 °C with a partial pressure

of oxygen of about 1.0*1073,
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Figure 6.18. Comparison of chemical looping oxygen uncoupling (CLOU) properties of a) bulk

CuO and 1-CuO/ECat, b) bulk Mn,0Os and I- Mn,O3/ECat, at 800 °C under N, atmosphere in FxB-
MS unit.

As with I-CuO/ECat, the impregnation of Mn,Os on ECat clearly enhanced the CLOU
properties of Mn2O3 at the lower temperatures (Figure 6.18-b). The impregnation of CuO
and Mn.O3 onto ECat clearly enhanced the oxygen releasing features of oxygen carriers

at lower temperatures, which may be attributed to the dispersion of CuO and Mn203 on
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the catalyst surface. In this new catalyst formulation, ECat may act as a support for the
oxidised oxygen carriers impregnated ECat in the regenerator.

6.3.2 CLC of MAT coke deposited on I-Cu/ECat with I-CuO/ECat

The CO: evolution for the combustion of coke deposited on I-Cu/ECat demonstrated three
main parts, as shown in Figure 6.19. The first part (290-560 °C) may be attributed to the
combustion of soft coke with solid CuO impregnated on ECat, while the second and third
parts (560-740 °C and 740 °C <) are a consequence of the combustion of hard coke with
gas phase oxygen released from I-CuO/ECat.

— Coke/ECat + CuO (FxB-MS, 800 °C)
— Coke/I-Cu/ECat + I-CuO/ECat (FxB-MS, 800 °C)

Coke/l-Cu/ECat + I-CuO/ECat (FxB-MS, 750 °C)
fffff Coke/I-Cu/ECat + I-CuO/ECat (FsB-MS, 750 °C)
——— Temperature profile, 800 °C
——— Temperature profile, 750 °C
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Figure 6.19. Combustion results of coke deposited on I-Cu/ECat with 1-CuO/ECat at 800 and
750 °C under N2 atmosphere in FxB-MS and FsB-MS units and the comparison with the
combustion of coke deposited ECat with bulk CuO at 800 °C in FxB-MS unit (FxB: Fixed bed,
FsB: Fluidised bed, MS: Mass spectroscopy).

Furthermore, once the test was investigated in the FsB-MS unit under a minimum
fluidisation velocity, the CO> evolution shifted to lower temperatures where the soft coke
combustion started at about 250 °C, but hard coke combustion started at 560 °C. Table

6.5 shows that the combustion of coke deposited on I-Cu/ECat with I-CuO/ECat reached
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98 vol.% and 88 vol.% at the temperatures of 800 and 750 °C respectively in the FxB-
MS unit for 45 min. Furthermore, the combustion was found to increase 96 vol.% at 750
°C for 45 min when the FsB-MS unit used instead of FxB-MS unit.

Table 6.5. Combustion % of coke deposited on I-Cu/ECat with 1-CuO/ECat at 800 and 750 °C
under N atmosphere in FxB-MS and FsB-MS units, and the comparison with the combustion of
coke deposited ECat with bulk CuO at 800 °C in FxB-MS unit.

. T® VCOZ,Coked V(;oz,Mse Combustion
Coke source Oxygen carrier Reactor

cC)  (ml) (ml) (vol.%)
Coke/ECat® CuO (bulk) FxB-MS 800  27.7 27.2 98
Coke/I-Cu/ECat® I-CuO/ECat  FxB-MS 800  29.9 29.2 98
Coke/l-Cu/ECat® I-CuO/ECat  FxB-MS 750  30.1 26.4 88
Coke/I-Cu/ECat® I-CuO/ECat  FsB-MS 750  33.1 31.8 96

2 Coke deposited on ECat during cracking of n-hexadecane. ® Coke deposited on Cu impregnated ECat
during the cracking of n-hexadecane. ¢ Combustion temperature. ¢ Volume of CO; calculated on the basis
of carbon in coke measured by LECO. © Volume of CO; calculated by the integration of the graph presented
in Figure 6.19 for 45 min (between 5-50 min).

6.3.3 CLC of MAT coke deposited on I-Mn3O4/ECat with 1-Mn203s/ECat

Due to the combustion of soft coke (32.8 wt.% shown in Table 5.12, Section 5.3.2.2), the
combustion of coke deposited on I-Mn3O4/ECat with I-Mn.O3/ECat started at about 290
°C in FxB-MS unit (Figure 6.20). The combustion of hard coke was initiated at about 510
°C thanks to the oxygen released from I-Mn2Os/ECat (demonstrated in Figure 6.18-b) and
reached a maximum value at about 610 °C. When the test was repeated in FsB-MS, the

CO:. evolution was also shifted to lower temperatures, as shown in Figure 6.20.

Table 6.6. Combustion % of coke deposited on I-Mn3;O4/ECat with 1-Mn,Os/ECat at 800 and 750
°C under N atmosphere in FxB-MS and FsB-MS units and the comparison with the combustion
of coke deposited ECat with bulk Mn,O3 at 800 °C in FxB-MS unit.

: T¢  Vcozcoke® Vcoams®  Comb.
Coke source Oxygen carrier Reactor ok '

(°C) (ml) (ml) (vol.%0)
Coke/ECat? Mn;O3 (bulk) FxB-MS 800 20.7 19.3 93
Coke/lI-MnzO4/ECat® I- Mn,Os/ECat FxB-MS 800 26.1 24.0 92
Coke/lI-Mn3O4/ECat® |- Mn,Os/ECat FxB-MS 750 29.9 25.6 87
Coke/lI-Mn3O4/ECat® |- Mn,Os/ECat  FsB-MS 750 33.1 31.1 94

aCoke deposited on ECat during cracking of n-hexadecane. ® Coke deposited on Cu impregnated ECat
during the cracking of n-hexadecane. ¢ Combustion temperature. ¢ Volume of CO; calculated on the basis
of carbon in coke measured by LECO. ¢ Volume of CO; calculated by the integration of the graph presented
in Figure 6.20 for 45 min (between 5-50 min).
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The combustion % of coke deposited on I-Mn3O4/ECat with 1-Mn,O3/ECat reached about
92 vol.% and 87 vol.% at the temperatures of 800 and 750 °C, for 45 min respectively in
FxB-MS unit. Furthermore, it increased to 94 vol.% at 750 °C for 45 min once the

combustion occurred in the FsB-MS unit, as shown in Table 6.6.

—— Coke/ECat + Mn,O3 (FXB-MS, 800 °C)
Coke/I-Mn3O4/ECat + I-Mn,O3/ECat (FxB-MS, 800 °C)
Coke/l-Mn3O,4/ECat + I-Mn,O3/ECat (FXB-MS, 750 °C)
””” Coke/lI-Mn30,4/ECat + 1-Mn,03/ECat (FsB-MS, 750 °C)
——— Temperature profile, 800 °C

——— Temperature profile, 750 °C
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Figure 6.20. The combustion results of coke deposited I-Mn;O4/ECat with 1-Mn,0O3/ECat at 800
and 750 °C under N, atmosphere in FxB-MS and FsB-MS units, and the comparison with the
combustion of coke deposited ECat with bulk Mn,Os at 800 °C in FxB-MS unit (FxB: Fixed bed,
FsB: Fluidised bed, MS: Mass spectroscopy).

As suggested in the proposed CLC-FCC concept, the coke deposited on I-Cu/ECat and I-
Mn304/ECat was successfully regenerated using the stoichiometrically required amount
of oxidised oxygen carrier impregnated ECat (I-CuO/ECat and I-Mn.O3z/ECat) at
temperatures of 750 and 800 °C for 45 min, which are the typical regenerator conditions
in the conventional FCC units where the coke is cleaned with air [65, 268, 272].
Siriwardane et al. [102] noticed that there was no significant effect on the CLC reaction
of coal with CuO under N2 or CO, atmosphere which means that the results collected in
this study may efficiently transfer for use in the proposed CLC-FCC concept where the
fluidisation gas in the regenerator must be CO> instead of air or N2. The CLC tests were

investigated under a temperature profile having a heating rate of 20 °C/min although the
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coke deposited on FCC catalyst is immediately faced with temperatures of 750 °C when
it is circulated to the regenerator. The regeneration time for the coke (deposited on
reduced oxygen carriers modified ECat) with oxygen carriers is, therefore, likely to be

shorter than the value measured in this study.

6.3.4 Combustion behaviour of MAT coke with air, bulk-CuO and I-CuO/ECat

Combustion behaviours of MAT coke with air, bulk-CuO and CuO impregnated ECat (I-
CuO/ECat) are compared in Figure 6.21. The combustion of coke with air started at about
350 °C, reached a maximum level at 700 °C and completed in 25 min. Additionally, the
combustion of coke with bulk CuO reached a reasonably high value (93 vol.%) at the
temperature of 750 °C for 45 min. However, the combustion with bulk CuO started much
later temperature than that with air. On the other hand, using CuO impregnated ECat (I-
CuO/ECat) as an oxygen supplier, the combustion of coke started earlier temperatures
than bulk CuO as clarified before. The combustion value reached about 96 vol.% at 750
°C thanks to the enhancement on CLOU properties of CuO after impregnated on ECat.
Furthermore, the combustion completed once the I-Cu/ECat used as an oxygen supplier
compared with bulk CuO.

Coke/ECat + Air
—— Coke/ECat + CuO (bulk)
—— Coke/l-Cu/ECat + I-CuO/ECat
----- Temperature profile, 750 °C
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Figure 6.21. Combustion behaviour of coke using air, bulk-CuO, and CuO impregnated ECat (-
CuO/ECat) at 750 °C.
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6.4  Summary

In summary, the TGA studies demonstrated that complete combustion of model coke
(semi-anthracite coal) is possible once the stoichiometrically required amounts of oxygen
carriers (CuO, Co304 and Mn203) and sufficient time have been provided. Additionally,
a greater than 90 wt.% combustion of model coke was achieved with CuO and Mn20O3 at
750°C for 40-60 min, which are the similar conditions used in the conventional
regenerator of FCC units. Furthermore, the CLC tests of the coke deposited on ECat
demonstrated higher than 90 wt.% combustion with bulk CuO, Co304 and Mn;0g, at a
temperature of 800 °C for 30 min using FxB-MS unit.

The proposed CLC-FCC concept suggests that the coke deposited on reduced oxygen
carriers impregnated catalyst must be regenerated by the oxidised oxygen carriers
modified catalysts. As it was first demonstrated that with the impregnation of oxidised
oxygen carriers on ECat, the oxygen releasing from the impregnated oxygen carriers were
conducted at relatively low temperature when compared with the bulk oxygen carriers.
Therefore, the CLC of coke deposited on I-Cu/ECat, and 1-Mn3O4/ECat with the
stoichiometrically required I-CuO/ECat and [-Mn2O3/ECat resulted in 90 vol.%
combustion at 750 °C for 45 min in both FxB-MS and FsB-MS units. The conditions
achieved for the 90 vol.% combustion in FsB-MS unit are similar to the conditions used

in the conventional regenerator of FCC units.
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Chapter 7
Selective Low Temperature CLC of Higher Alkanes with Cu-
and Mn-Oxides

Oil refineries account for approximately 4% of the global CO, emissions and Fluid
Catalytic Cracking (FCC) units are responsible for roughly a quarter of these, and so it
was considered that CO. capture via CLC could potentially be applied to FCC.
Combustion to remove coke in the regenerator proceeds at ca. 700-800 °C in the air and,
for CLC, this can be accomplished by adding oxygen carriers to FCC catalysts. The
oxygen carrier would need to be effectively inert with respect to cracking at temperatures
close to 500 °C. However, in tests using the standard microactivity reactor (MAT) for
FCC, CLC of n-hexadecane occurred with CuO mechanically mixed with an FCC
catalyst. The preliminary cracking results of n-hexadecane over FCC catalyst and CuO
mixed FCC catalyst are presented in Table 7.1. This observation provided the motivation
to investigate the applicability of low temperature CLC as a process for removing organic

contaminants from hot gas streams.

Table 7.1. Preliminary results for n-hexadecane cracking using a CuO mixed a FCC catalyst.

Product distribution (mol % carbon)** Catalyst™ CuO + Catalyst
CO <020 <0.2+0
CO; <020 12+1
Cio 1+0 5+1
Ca4 31+£2 32+1
Cs.12 27+1 232
Ciz1s 1+0 0+0
Coke 7+1 10+1
Unconverted Cis 331 17+2
Sum 100 100

*FCC catalyst supplied by BASF (FCC #7075). **The product distributions are on a carbon basis since,
on a mass basis, the yield of CO; includes oxygen.
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7.1  Baseline experiments

In order to understand the cracking behaviour of the model liquid feeds prior to the
addition of the oxygen carriers, baseline thermal cracking experiments were conducted at
482 °C. These tests demonstrated minimal cracking of the feeds with just 5 wt.% of n-
hexadecane found to be converted to light gases C1-Ce hydrocarbons, with the remaining
of n-hexadecane, as demonstrated in Table 7.2. n-Heptane was even less reactive with

only 2 wt.% of the gases obtained.

Table 7.2. Thermal cracking results for n-hexadecane and n-heptane.

Fuel Cracked products (C:-Cs, Wt.%)
n-hexadecane (CisHz4) 50104
n-heptane (C7Hs) 2.0+0.1

To ascertain the extent of methane CLC at 482 °C, a stoichiometric quantity of methane
was tested with CuO. This resulted in minimal combustion of methane, with the resultant
products composed of only 0.9 wt.% CO- and over 99 wt.% of unconverted methane
(Table 7.3). This finding was expected from literature reports of methane CLC using CuO
occurring at around 800 °C [113, 127, 131, 278].

Table 7.3. Combustion products from methane with CuO at 482 °C

Fuel CO2 (%) CH. (%)
Methane (CHa) 0.9 +0.004 99.1+0.004

7.2 The effects of fuel to oxygen carrier equivalence ratio (¢)

The extent of CLC for-hexadecane and n-heptane with CuO and Mn.Os are presented in
Figure 7.1 with respect to the different equivalence ratios of fuel to the oxygen carriers,
which were calculated on the basis of the reduction of CuO to Cu and Mn,O3 to MnO.
Figure 7.1 shows that it is possible to achieve almost complete combustion for both n-
hexadecane and n-heptane using CuO as an oxygen carrier in fuel rich conditions at ¢ >

1.3. However, when the fuel/CuO equivalence ratio is stoichiometric at 1.0, the extent of
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combustion fell to 80 wt.% for n-hexadecane and 90 wt.% for n-heptane. This can be

explained by the uneven dispersion of the liquid fuels across the oxygen carrier bed.

mCu0 = Mn203 ®mCuO = Mn203
100 - 100 -
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< 80 A . 80 A
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Ratio of fuel to OC (¢) Ratio of fuel to OC (¢)
a) n-hexadecane b) n-heptane

Figure 7.1. Combustion % of a) n-hexadecane; b) n-heptane over CuO and Mn;Os for different
fuel to oxygen carrier equivalence ratios (¢: 0.7, 1.0, 1.3, and 2.0) for 0.03 ml/min feed flow rate

at 482 °C (the error bars represents the standard deviation calculated by triple experiments).
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Figure 7.2. Oxygen carrier bed after the combustion of n-hexadecane at an oxygen carrier
equivalence ratio of 1.0 for 0.03 ml/min feed flow rate at 482 °C.

Following the tests, the material on one side of the bed was observed to still be black in

colour, along its whole length, indicating the presence of CuO, while the rest of the bed
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was red, having clearly been reduced to Cu, as shown in Figure 7.2. This proves that some
of the fuel may have passed through mainly the reduced part of the oxygen carrier bed
instead of that containing oxidised oxygen carriers and consequently the theoretical extent
of combustion is not attained. When the fuel to oxygen carrier equivalence ratio was
decreased to 0.7 to give fuel lean conditions, the extent of combustion increased from 90
to 97 wt.% for n-heptane, but remained at close to 80 wt.% for n-hexadecane.

For Mn,0Os, the extent of combustion fell from 56 to 50 wt.% as the equivalence ratio was
decreased from 2.0 to 1.0 for both alkanes (Figure 7.1). Moving to fuel-lean conditions
with an equivalence ratio of 0.7, the extent of combustion increased to 67 wt.% for n-
hexadecane and 63 wt.% for n-heptane. The lower extent of combustion apparent with
Mn2Os can be attributed to the sequential reduction step of the oxygen carrier,
Mn203—Mn304—MnO. Approximately one-third of the required oxygen comes from the
first reduction step (Mn203—Mn304). The XRD results (Section 7.7) show that, while
the Mn2Os was almost entirely reduced, the recovered samples were composed of
mixtures of MnzO4 and MnO. Therefore, the lower combustion efficiencies compared to
CuO arise from the slow second reduction step (Mn30s—MnO). Furthermore, due to the
similarity of the combustion at the equivalence ratio of 1.0-2.0, the combustion at the
equivalence ratio of 1.3 was not investigated.

Moldenhauer et al. [169] mentioned that although the fuel conversion at the lowest
temperatures (650-750 °C) is high enough, these temperatures are probably not very
realistic, especially for commercial applications. Since oxygen release at such
temperatures is so low that CLOU properties, which are an important benefit of this
material, can be neglected [169]. However, although CuO decomposition is not
thermodynamically favourable below 700 °C according to the Positive Gibbs free energy
values, the reaction between CuO and C can be favourable between 200-1000 °C [175].
Furthermore, Siriwardane et al. [175] have noted that carbon can be reacted with CuO at
482 °C and with Cu20 at 624 °C. Additionally, according to our calculations, CuO can
reduce to Cu with the combustion of liquid fuels at a low temperature such as 482 °C.
Although the CLOU properties are one of the most important features of oxygen carriers
such as CuO and Mn,Os for gas and solid fuels combustion, these properties may not be

necessary for liquid fuels combustion.
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Figure 7.3. The volumetric ratio of CO/CO; for a) n—hexadecane; b) n-heptane combustion with
CuO and Mn,0s for 0.03 ml/min fuel feed flow rate at ¢: 0.7, 1.0, 1.3, and 2.0 fuel to oxygen
carrier equivalence ratios, 482 °C.

The low volumetric ratios of CO to CO> obtained from CLC are presented in Figure 7.3.
However, the ratios are higher with Mn20O3 (<0.05) compared than for CuO (<0.01).
Previous studies at higher temperatures have also observed low proportions of CO for

diesel [279], kerosene [169], synthetic oil [168, 279], and asphalt-fuelled [155]
combustion with oxygen carriers.
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Figure 7.4. The yield of Cy.¢ for a) n—hexadecane and b) n-heptane combustion, with CuO and
Mn,Os for 0.03 ml/min feed flow rate at ¢: 0.7, 1.0, 1.3, and 2.0 fuel to oxygen carrier equivalence
ratios, 482 °C.

Figure 7.4 shows that the yield of light gases, from methane to Ce¢ hydrocarbons, was

around 1-2 wt.% for both n-hexadecane and n-heptane combustion with CuO. However,
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it was about 4-6 wt.% for n-hexadecane and 6-9 wt.% for n-heptane combustion with
Mn20O3. Based on the thermal cracking of n-hexadecane and n-heptane, whereas CuO has
no significant effect on the cracking of n-heptane, it decreased the cracking of n-
hexadecane, from 5 wt.% to 1 wt.%. On the other hand, while Mn2Os increased the
cracking of n-heptane, from 2 wt.% to 8 wt.%, it has no effect on the cracking of n-

hexadecane.

7.3 Definition of gas and liquid products after combustion

At the fuel-rich experimental conditions (¢>1.0), even if the combustion is about 100%,
it is possible to collect liquid fuel in the products due to the lean of oxygen supplied by
oxygen carrier. As the excess amount of liquid fuel goes through the reactor without

combustion after the oxygen consumed in the bed.
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Figure 7.5. Gas chromatograms of the a) liquid products; b) hydrocarbon gas products obtained
after n-hexadecane combustion with CuO for 0.03 ml/min at ¢: 2.0 at 482 °C.
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Figure 7.5 shows example chromatograms for both gas and liquid products from n-
hexadecane combustion with CuO at fuel to oxygen carrier equivalence ratio of ¢: 2.0
with a volumetric feed flow rate of 0.03 ml/min at 482 °C. The liquid products were
clearly dominated by approximately 94 wt.% of unaltered n-hexadecane, with the
products of thermal cracking composed of almost 6 wt.% of lower than Cis. The gaseous
products consisted of small amounts of light hydrocarbon gases such as methane, ethane,
ethene, and propane, lower than 2 wt.%, with the remaining products composed of CO-

derived from the combustion of n-hexadecane with CuO.

7.4 Liquid fuel feed rate and residence time

The effects of fuel feed rate (residence time) were investigated using n-hexadecane with
CuO and sand mixtures (SaCuQ) at different volumetric feed and carrier gas (N2) flow
rates. The extent of combustion is presented in Figure 7.6 with respect to the volumetric

feed flow rates (Figure 7.6a) and carrier gas flow rates (Figure 7.6b).
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Figure 7.6. Combustion % of n-hexadecane over CuO and SaCuO a) at different volumetric feed
flow rates (0.03, 0.1, 0.2, and 1.4 ml/min) for ¢: 0.7 at 482 °C; b) Combustion % of n-hexadecane
over CuO for ¢: 0.7 at 0.2 ml/min, 482 °C using different carrier gas flow rates (0.5, 1.0, 2.0
ml/min).

As seen in Figure 7.6a, the extent of combustion was 80 and 99 wt.% with and without
sand mixed CuO (SaCuO) at the lowest feed rate of 0.03 ml/min. Blending with sand
increased the residence time and so dispersion of the liquid fuel within the oxygen carrier

bed. The calculated vapour residence time of 13.1 s with a feed flow rate of 0.03 ml/min
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was increased to 20.6 s by the dilution of the CuO in the sand. The same trend can be seen
for the other volumetric flow rates. Increasing the feed rate from 0.03 ml/min gave lower
conversions due to the residence time decreasing, but the effect was relatively minor until
feed rates were higher than 0.1 ml/min. At higher rates, the decrease was greater,
reflecting the decrease in residence time from 5.0 to 0.4 s with an increase in volumetric
feed flow rate from 0.1 to 1.4 ml/min. A decrease in conversion was also brought about
by increasing the carrier gas flow rate from 0.5 to 2 ml/min (Figure 7.6b). The relatively
minor extent of this decrease is evidence that the injected n-hexadecane was completely
vaporised, as in the vapour phase, increasing the carrier gas flow by this extent would
only have increased the residence time from 2.5t0 2.8 s.

7.5  The effect of temperature

The effects of temperature were investigated to define the initiation combustion
temperature of higher hydrocarbons with oxygen carriers, CuO. Figure 7.7 illustrates that
the combustion of n-hexadecane with CuO fell from 80 to 40% as the temperature
decreased from 560 to 380 °C, although the residence time increased from 2.4 to 3.0 s
due to the temperature decreasing. The extent of combustion was negligible at 360 °C
with a residence time of 3.2 s. Additional discussion about the dramatic decrease below
380 °C is presented in Section 7.8.

80 A I
< ] _
< 60
g .
S 40 -
4 i I
=
8 20 -
0 T T T T T T = T = 1

560 520 482 440 400 380 360 320
Temperature (°C)

Figure 7.7. Combustion % of n-hexadecane over CuO for ¢: 0.7 at 0.2 ml/min at eight different
temperatures; 320, 360, 380, 400, 440, 480, 520, 560 °C.
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7.6 Multiple cycles of n-hexadecane combustion with CuO

The results for the seven multi-cycle tests for n-hexadecane combustion at 482 °C, with
re-oxidation after each step, both bulk oxygen carrier (CuO) and supported oxygen carrier
(CuO/Al>0O3) are shown in Figure 7.8. It was possible to achieve full combustion, clearly
with complete reduction and re-oxidation being achieved for both bulk CuO and
CuO/Al,0; for the first three cycles. However, for bulk CuO, following the 4" and 5%
cycles only 85 wt.% combustion occurred, probably due to the onset of sintering of the

oxygen carrier (as shown in Figure 7.12 in the following section).
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Figure 7.8. Combustion % of n-hexadecane over CuO for ¢: 1.3 at 0.03 ml/min at 482 °C for

seven cycles.

The extent of combustion reduced further to 78 wt.% after the 6™ cycle as the extent of
sintering increased. Even after increasing the oxidation temperature to 900 °C in the 7
cycle, only a small increase in combustion to 81 wt.% was observed, indicating that it
was impossible to completely re-oxidise the oxygen carrier regardless of the temperature
used. It is well-established that such sintering may be addressed using supports with
suitable impregnation or co-precipitation preparation methods [102, 113, 183]. As seen
in Figure 7.8, combustion efficiency of about 99 wt.% was achieved for all seven cycles

once an Al20Os supported CuO oxygen carrier was used in the combustion reaction instead
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of bulk CuO. These results were confirmed by measuring the CO. evolved during the
seven multiple cycles of combustion via mass spectroscopy, as presented in Figure 7.9.
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Figure 7.9. lon Current for the CO evolution by the combustion of n-hexadecane over
CuO/Al;0Os3 for ¢: 1.3 with an n-hexadecane flowrate of 0.03 ml/min at 482 °C for seven cycles.

7.7  Characterisation of fresh and used oxygen carriers

The density and particle size distributions of the oxygen carriers before and after
combustion are presented in Table 7.4. The density of reduced form CuO is very close to
the density of metallic Cu (8.9 g/cm?®). Moreover, the density of reduced form Mn2Os is
between those for Mn3O4 (4.86 g/cm®) and MnO (5.37 g/cm®), indicating a mixture of
Mn304 and MnO is present. The elemental analysis confirmed that no carbon deposition
had occurred on the oxygen carriers. The XRD patterns of fresh and used CuO (JCPDS
no: 01-080-0076) and Mn.O3 (JCPDS no: 01-071-0636) are presented in Figure 7.10a
and b, respectively. Figure 7.10a-2 confirms the high proportion of reduced Cu after CLC
of n-hexadecane. Further, the characteristic Cu peaks (JCPDS no: 01-085-1326) seen in
Figure 7.10a-3 demonstrate that full reduction from CuO to Cu occurred with fuel to
oxygen carrier equivalence ratio, ¢, of 2.0 at 482 °C. The reduction from CuO with higher
hydrocarbons to Cu may be attributed to the minimal external mass transfer at the low

combustion temperatures. Chuang et al. [187, 218] have described that the reduction of
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CuO with either CO or H followed the shrinking core mechanism, and proceeded via the
intermediate, Cu2O at higher temperatures when external mass transfer controlled the
rate. However, at lower temperatures, the external mass transfer is minimal, and CuO can

reduce directly to Cu.

Table 7.4. The main characteristics of the oxygen carriers before and after combustion tests.

s Before combustion After combustion

CuO CuO/Al;03 Mn;03 CuO? CUO/A|203b Mn2Os°
Density (g/cm?) 6.22 579 4.84 8.63 7.51 4.99
Particle size (%)
<53 um n.a n.a. n.a. 6.1 76.9 59
53-150 um 100 100 100 134 23.1 51.1
151-300 um n.a. n.a. n.a. 80.5 - 43.0

2 Re-oxidised CuO after seven cycles.  Re-oxidised CuO/Al,Q3 after seven cycles. ¢ Re-oxidised Mn,O;
after one cycle.

The XRD patterns of the Mn2O3 oxygen carrier used in the combustion of n-hexadecane
for ¢: 1.0 and 2.0 at 482 °C, shown in Figure 7.10b-2 and 3, consist of mainly Mn3z04 and
MnO (JCPDS no: 01-078-0424) in different ratios. These findings prove the sequential
reduction steps of Mn2O3—Mn30s—MnO under the combustion of higher hydrocarbons
at low temperatures. The percentage distribution of the reduced Mn states is presented in
Table 7.5. As already described, the first reduction step (Mn2.0O3—Mn304) is much faster
than the second one (Mn3z0s—MnO).
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Figure 7.10. Wide-angle XRD patterns of a) CuO; b) Mn,Os before and after n-hexadecane
combustion experiments; a-1) fresh CuO, a-2) used CuO at ¢: 1.0, a-3) used CuO at ¢: 2.0, b-1)
fresh Mn;0s, b-2) used Mn;Os at ¢: 1.0, b-3) used Mn,Os at ¢: 2.0 for 0.03 ml/min n-hexadecane
feed flow rate at 482 °C.
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Table 7.5. XRD results of fresh and used Mn;Os in CLC for n-hexadecane at ¢: 1.0-2.0 at 482
°C.

Sample Mn;O3 (wt.%0) Mn3O4 (Wt.%0) MnO (Wt.%0)
Fresh Mn,O3 100 - -

Used MnOs at ¢: 1.0 1 77 22

Used Mn.0s at ¢: 2.0 - 70 31

b) Used CuO (500 pum)

: n"' - ‘ . o .
: coV Spnt Magn Det WD |———{ 500 um S ~"Acc.V SpotMagn Det WD |—| 500 um
i 9 UUkVSU 99)( _SE 100 200kv50 94x SE 183

c) Fresh CuO/Al,03 (200 um) d) Used CuO/Al,03 (200 um)

20kV X60  200pm 10 60 SEI 20kV X60  200pm 10 60 SEI

Figure 7.11. SEM images of fresh CuO (a), CuO/Al.O; (c) and used CuO (b), CuO/AlLO; (d)

after 7 cycles at ¢: 1.3 (7 cycles) under a 0.03 ml/min n-hexadecane feed flow rate at 482 °C.

The particle size distributions measured by sieving (Table 7.4) and SEM (Figure 7.11)
for the fresh and used CuO and CuO/Al>03 were compared after the 7 cycles. SEM results
indicate that the particle size of bulk CuO has increased due to the sintering of reduced
Cu. Sieving indicated 81 wt.% of the particles were in the range of 150-300 um, with
just 13 wt.% remaining in the size range of 53-150 um and 6 wt.% reduced in size of
lower than 53 um (Table 7.4). On the other hand, both sintering and agglomeration
problems of CuO can be solved using support [102, 113, 183]. For example, neither

sintering nor agglomeration was demonstrated for CuO supported on Al>O3 prepared by
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co-precipitation (Figure 7.12), which was also supported by Chuang et al. [178].
However, during this study particle attrition was observed after 7 cycles of combustion

over CuO/Al;O3 as seen from both the SEM images and sieving measurements, with

approximately 77 wt.% of the particles reduced in size from 53-150 um to less than 53

um (Table 7.4).

a) Fresh CuO (20 um) b) Used CuO, (1°%,20 um) c) Used CuO, (7t, 20 um)

20KV X1,900 10pm 09 60 SEI 20KV X1,800 10pm 10 60 SEI 20KV X1,300 10pm 09 60 SEI

d) Fresh CuO/Al,03, (10 um) e) Used CuO/Al,03, (1%, 10 um) f) Used CuO/Al,03, (7t, 10 um)

Figure 7.12. SEM images of fresh CuO (a), CuO/AlOs (d) and used CuO (b, c), CuO/Al,Os3 (e,

f) after 1 and 7" cycles at ¢: 1.3 under a 0.03 ml/min n-hexadecane feed flow rate at 482 °C.

7.8  Possible reaction pathways and potential applications

Depending upon the feed flow rate, the liquid fuels may enter the oxygen carrier bed in
the form of both droplets and vapour phase. The former would be expected to be more
prevalent for n-hexadecane due to its higher boiling point, but the results in Figure 7.6
suggest that n-hexadecane passed through the oxygen carrier bed in the form of vapour.
According to the combustion tests of n-hexadecane and n-heptane with oxygen carriers,
the reaction pathways can be drawn as presented in Figure 7.13. The possible reactions

that can be occurred in the microactivity reactor are shown in Table 7.6.

171



Liquid fuel

Glass wool (n-hexadecane or n-heptane)
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Figure 7.13. Possible reaction figure of CLC of liquid fuel with oxygen carriers at low

temperature.

Table 7.6. Possible reactions of liquid fuels with and without oxygen carriers and oxygen

transport capacities of CuO and Mn,0Os.

Possible reactions with oxygen carriers Ro b*
e n-hexadecane complete combustion
Ci6Hzs + 49CuO — 16CO; + 17H,0 + 49Cu (R7.1) 0.201 49
CieHas + 49Mn,03 — 16CO2 + 17H,0 + 49MnO  (R7.2) 0.101 49
e n-hexadecane partial combustion
CisHzs+ 16CuO — 16CO + 17H, + 16Cu (R7.3) 0.201 16
Ci6Hazs + 16Mn203 — 16CO + 17H2 + 32MnO (R7.4) 0.101 16
e n-heptane complete combustion
C7Hi6+ 22CuO — 7CO; + 8H,0 + 22Cu (R7.5) 0.201 22
C/His+ 22Mn,0z — 7CO; + 8H,0 + 44MnO (R7.6) 0.101 22
e n- heptane partial combustion

C7His+ 7CuO — 7CO + 8H, + 7Cu (R7.7) 0201 7
C7H1s + 7Mn203 — 7CO + 8H; + 14MnO (R7.8) 0.101 7
Other reactions without oxygen carriers
e Dehydrogenation  CnHznez — CaHon + Ho (R7.9)
e Thermal cracking  CqiHznr2 — CnmHzn2m + CHams+2 (R7.10)
e Coking CnHan+2 — nC + (n+1)H; (R7.11)

* Stoichiometric coefficient for oxygen carriers at the reactions from R1 to R8.

The highest combustion % and the yield of un-combusted fuel prove that the combustion
reaction between liquid fuels (n-hexadecane and n-heptane) and oxygen carriers (CuO

and Mn203) can explain complete combustions as described in R7.1 and R7.2 for n-

172



hexadecane combustion, R7.5 and R7.6 for n-heptane combustion. As suggested by
Hoteit et al. [166], a large proportion of the fuels appeared to have oxidised almost
immediately at injection, with the low CO/CO: ratios demonstrating that the partial
combustion of both n-hexadecane and n-heptane is negligible. On the other hand, the low
COI/CO:z ratios show that partial combustion of both n-hexadecane (R7.3 and R7.4) and
n-heptane (R7.7 and R7.8) with oxygen carriers are quite low. Similarly, Moldenhauer et
al. [172] observed that once the temperature falls below 950 °C, the reaction from the fuel
to CO+Hz is slower than that from CO+Hz to CO2+H20. For CLC to be selective for n-
heptane and n-hexadecane, this strongly suggested that the reactions initiated by bond
cleavage are either thermolytic, leading to radicals, or catalytic, leading to carbocations.
The sharp cut-off in combustion efficiency as the temperature falls below 380 °C
probably represents the point where the extent of bond cleavage falling to a negligible
level. Furthermore, dehydrogenation (R7.9), thermal cracking (R7.10), and coking
(R7.11) reactions can be ignored due to the low amount of hydrogen, cracking products.
Virtually complete CLC has been achieved with no evidence of coke formation, which is

consistent with the studies at higher temperatures [113, 155].

The reported findings proved that CLC can potentially be used for hot gas clean-up, either
to remove unburnt hydrocarbons and potentially other volatile organic species from flue
gases or hot methane streams. Clearly, aromatic hydrocarbons and other compounds need
to be tested to define the potential scope for these applications. The lighter n-alkanes,
ethane, propane and butane, are expected to react slower than n-heptane and n-
hexadecane due to their much stronger C-C bonds, as shown by the decrease in the
cracking activity of alkanes with a decrease in their carbon number [280]. Low
temperature CLC may not be applicable for the combustion of the polycyclic aromatic

hydrocarbons to the strong aromatic C-C bonds.

7.9  Asimple kinetic analysis of nh-hexadecane combustion with CuO

To carry out kinetic analysis for n-hexadecane CLC with CuO, it was assumed that the
liquid fuel entered the reactor in the form of droplets and went through the oxygen carrier
bed in the vapour phase with the carrier gas, N.. The order of the reaction (n) was

determined using the steady state material balance for a plug flow reactor (Figure 7.14)
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for four different volumetric feed flow rates; 0.03, 0.1, 0.2, and 1.4 ml/min, at 482 °C.
Additionally, the activation energy (E) and reaction rate coefficient (k) were
determined using an Arrhenius plot for n-hexadecane with CuO for 0.2 ml/min volumetric
flowrate of n-hexadecane at different temperatures, 380, 400, 440, 482, 520, 560 °C
(details of these calculations are presented in Appendix C).

Nitrogen line <

 Weight of oxygen carrier

Fuel injection line < (Aw)

Quartz reactor -

Glass wool <

FA|W+AW

£
Oxygen carrier

Figure 7.14. Elementary slice of solid oxygen carrier plug flow reactor (A represents n-

hexadecane).
2.0 ~ -1.0 -~
y=1.6x-1.498 M y =-2940.7x+ 2.361
0.0 R? = 0.9994 1.4 A R? = 0.9489
L’-—f 2.0 4 o ié 1.8 A
£ £
-4.0 A 2.2 1
-6.0 — : . -2.6 . : .
-4.0 -2.0 0.0 2.0 1.0 1.2 1.4 1.6
In(C,) 1/7*1073 (K?)
a)In r;x versus In Cp b) Arrhenius plot for the reaction

Figure 7.15. a) Reaction order (n) and reaction rate coefficient (k) calculation for n-hexadecane
combustion with CuO at different volumetric feed flow rates (0.03, 0.1, 0.2, and 1.4 ml/min) for
¢: 0.7 at 482 °C; b) Arrhenius plot for the combustion reaction rate constant of n-hexadecane with
CuO for ¢: 0.7 at 0.2 ml/min at different temperatures; 380, 400, 440, 482, 520, 560 °C.
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The order of the reaction (n) (Figure 7.15-a) of 1.6 was determined using the steady state
material balance for plug flow reactor (Figure 7.14) for four different volumetric feed
flow rates; 0.03, 0.1, 0.2, and 1.4 ml/min, at 482 °C. The activation energy (E) of 24.5
kJ/mol was calculated using an Arrhenius plot (Figure 7.15-b) for n-hexadecane with
CuO. A wide range of activation energies have been reported [118, 281, 282], 60, 33 and
14 kJ/mol for CLC of methane, hydrogen, and CO, respectively, with different oxygen
carriers. Obviously, the activation energies for the combustion of methane, hydrogen, and
CO cannot strictly be compared with those for the combustion of higher hydrocarbons.
However, due to the lack of information for liquid fuel combustion with oxygen carriers,

no comparisons can be made for preliminary empirical kinetic findings presented here.

7.10 Summary

Chemical looping combustion (CLC) of n-hexadecane and n-heptane with copper and
manganese oxides (CuO and Mn0z3) has investigated in a fixed bed reactor to reveal the
extent to which low temperature CLC can potentially be applicable to hydrocarbons. The
effects of fuel to oxygen carrier ratio, fuel feed flow rate, and fuel residence time on the
extent of combustion are reported. Methane did not combust, while near complete
conversion was achieved for both n-hexadecane and n-heptane with excess oxygen carrier
for CuO. For Mn20s, complete reduction to MnzO4 occurred, but the extent of combustion
was controlled by the much slower reduction to MnO. Although the extent of cracking is
relatively small in the absence of cracking catalysts, for the mechanism to be selective for
higher hydrocarbons suggests that the reaction with oxygen involves radicals or
carbocations arising from bond scission. Sintering of pure CuO occurred after repeated
cycles, but this can easily be avoided using a support, such as alumina. The fact that higher
hydrocarbons can be combusted selectively at 500 °C and below, offers the possibility of
using CLC to remove these hydrocarbons and potentially other organics from hot gas

streams.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

The aim of this research was to investigate the applicability of CLC as a novel approach
to CO; capture from FCC regenerator units. In this research, a novel CLC-FCC concept
was proposed and then experimentally demonstrated that CLC is an alternative method
for the next generation of FCC units to optimise CO> capture. A potential new generation
of FCC catalysts modified by oxygen carriers were prepared using mechanical mixing
and wet-impregnation methods. It was demonstrated that these oxygen carriers had no
significant negative impacts on the performance of the novel catalysts in a model cracking
reaction. Finally, the chemical looping combustion of coke deposited on the catalysts
modified with oxygen carriers was demonstrated using both fixed-bed and fluidised-bed

reactors.

8.1.1 Catalytic cracking tests over modified commercial FCC catalyst

In order to investigate the effect of both oxidised and reduced oxygen carriers
modification on the cracking reaction, ECat was modified with both oxidised (CuO,
C0304, Mn203) and reduced oxygen carriers (Cu, Cu.0, CoO, Mn3z0a) using mechanical

mixing and wet-impregnation methods and tested with the cracking of n-hexadecane.

In terms of mechanical mixing, modification of Cu (M-Cu/ECat) was detrimental to the
conversion of n-hexadecane. However, this was not the case for the mixing of Cu.0, CoO,
and Mn304 (M-Cu2O/ECat, M-CoO/ECat, and M-Mn3O4/ECat) in terms of the
conversion, yields, and product selectivities. The mixing of CoO with ECat seems to give
the closest conversions, in terms of gas, liquid and coke yields to the reference ECat. The
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other two reduced state oxygen carriers, Cu20 and Mn3O4, were also shown to be

promising, with relatively small differences in conversion.

The characterisation results of the oxygen carrier impregnated ECat demonstrated that it
Is possible to prepare a catalyst consisting of two structures; oxygen carrier and FCC
catalyst. In the FCC riser, the cracking reaction occurs over the ECat part, while the
reduced oxygen carriers act as inert material having no effect on reaction. In the
regenerator, the coke deposited on modified catalyst is combust with oxygen carrier,
while ECat part acts as a support for the oxygen carriers, which can decrease the

agglomeration and carbon deposition during the combustion of coke.

The impregnation of Cu, MnO and Mn3O4 on ECat (I-Cu/ECat, 1-MnO/ECat and |-
MnzO4/ECat) showed no negative impacts on the cracking of n-hexadecane in terms of
the conversion, yields, and product selectivities when compared with the reference ECat,
as required for the proposed CLC-FCC concept. However, the impregnation of CoO on

ECat (I-CoO/ECat) caused a decrease in the conversion of n-hexadecane.

8.1.2 CLC tests of coke deposited on FCC catalyst

In order to investigate the combustion of FCC coke with oxidised oxygen carriers, CLC
tests were firstly carried out using a TGA. Due to the weight limitation of TGA pans, a
low volatile semi-anthracite Welsh coal having a similar chemical composition to FCC
coke was selected as a model FCC coke for the CLC tests. The CLC tests of model coke
with bulk oxygen carriers CuO, Co030sand Mn.O3z, demonstrated that complete
combustion is possible once the stoichiometrically required amounts of oxygen carriers
and sufficient time were provided. Additionally, higher than 90 wt.% combustion of
model coke was achieved with CuO and Mn;0O3 at 750 °C for 40—60 min, which are

similar conditions used in the conventional regenerator of FCC units.

In order to obtain more accurate and realistic data, the combustion behaviour of FCC coke
deposited on ECat with the stoichiometrically required amount of oxidised oxygen
carriers (CuO, Co304 and Mn203) was investigated in a lab scale fixed-bed reactor

equipped with an online gas analyser. Relatively high combustion (about 90 vol.%) of the
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coke deposited on ECat was achieved with the stoichiometrically required amount of bulk
CuO, Co0304 and Mn,03 at 800 °C.

Furthermore, the combustion behaviour of the coke deposited on reduced oxygen carrier
impregnated ECat (I-Cu/ECat and 1-Mn3O4/ECat) with oxidised oxygen carrier
impregnated ECat (I-CuO/ECat and 1-Mn20Os/ECat) were repeated in both fixed-bed and
fluidised-bed reactors. The decomposition of oxidised oxygen carriers through oxygen
release at lower temperatures was enhanced using the impregnation on the commercial
ECat. The CLC tests of coke deposited on I-Cu/ECat, and 1-Mn3O4/ECat with the
stoichiometrically required amount of 1-CuO/ECat and I-Mn,O3z/ECat demonstrated that
it is possible to reach about 90 vol.% combustion in FXB-MS and greater than 94 vol.%
in FsB-MS at 750 °C for 45 min. These findings have led us to conclude that CLC is a
promising technology to incorporate into the next generation of FCC units to optimise
CO. capture.

8.1.3 Low temperature CLC of hydrocarbons with Cu- and Mn- oxidises

The CLC of model liquid fuels; n-hexadecane and n-heptane, was investigated with
oxygen carriers; CuO and MnOs, at low temperature, 482 °C, in a fixed-bed
microactivity reactor. This study has established that selective CLC of higher alkanes
over methane can be achieved with CuO and Mn»Os, at temperatures below 500 °C.
Under fuel-lean (0<¢<1) conditions, it is possible to achieve high levels of combustion of
n-heptane and n-hexadecane over CuO at ¢: 0.7. Additionally, in fuel-rich conditions
(1<¢p<w0), it is also possible to reach the maximum extent of combustion of n-hexadecane
and n-heptane with CuO with ¢ >1.3 at 482 °C with a residence time of 13 s.

CuO can be fully reduced to Cu at low temperature CLC. However, the combustion
efficiency for Mn2O3 was limited by the slow second reduction step (MnzO4 to MnO).
Sintering of CuO in a multi-cycle test was observed, but this was avoided by using an
Al>03 support. The combustion reaction pathways of model liquid fuels with oxygen
carriers have been clarified as mainly complete combustion to CO2 and H2O. The partial
combustion, dehydrogenation, and thermal cracking of liquid fuels are low enough to not

be significant. Kinetic analysis for the combustion of n-hexadecane indicated a reaction
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order of 1.6 and relatively high activation energy of 24.5 kJ/mol. The high selectivity
achieved for higher hydrocarbons suggests the low temperature CLC can be used for hot

gas clean-up to remove higher alkanes and potentially other volatile organic compounds.

8.2 Future work

8.2.1 Suggestions for the CLC-FCC concept

The laboratory scale experiments were demonstrated that the CLC-FCC concept is a
promising technology to address the one quarter of CO2 emissions from oil refineries. For
future work, I firstly suggest that the FCC catalysts should be modified by reduced oxygen
carriers using a co-precipitation method. Co-precipitation will probably decrease the
structural problems such as oxygen carrier accumulation, fragmentation, pore distribution
etc. identified due to the impregnation method. Secondly, the new type of oxygen carriers
modified FCC catalysts should be tested in the cracking reaction of a refinery cracking
feed (VGO) following a model compound using a fluidised bed reactor as in the
conventional FCC riser. The impurities in the VGO may have a detrimental effect on the
oxygen carriers. For the final part, the CLC tests of coke deposited on prepared catalysts
with oxidised oxygen carrier modified catalysts should be investigated in a fluidised bed
reactor using CO; as fluidisation gas instead of N2. As the heating capacity of CO; is
higher than the heating capacity of N2, this will change the required flow rate for the

regenerator.

Following the experimental studies in the laboratory, the suggested CLC-FCC concept
can be simulated and modelled using computer programmes such as Aspen Plus,
gPROMS. The models already applied to CLC may be helpful for the simulation, together
with the catalyst regenerator and FCC reactor. The experimental data found in this study

may also be helpful for the initial model validation.

Furthermore, for accurate prediction of the process performance, it is necessary to
investigate the following aspects: (i) The heat and mass balance of the entire process
should be evaluated to understand if it conforms to the requirement of a conventional

FCC unit. (ii) To validate whether the assumptions made before are correct - coke can be
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combusted at an acceptable rate in the regenerator. (iii) Other factors such feedstock
variations, catalyst composition, space velocity, residence time and other operating
parameters on the cracking efficiency and delta coke should be investigated. Based on
this study, optimal process design and operation should be investigated in order to

maximise the utilisation of the heat generated.

8.2.2 Suggestions for the applicability of CLC for other processes

Furthermore, the application of CLC for catalyst regeneration to other industrial processes
may be investigated to decrease CO. emissions. For example, deactivated naphtha
reforming catalysts (Pt/Re-alumina) can be modified in a similar manner to the FCC
catalysts and the reduction of coke would be investigated to prove the concept that CLC
can be adapted to catalyst regeneration. The CLC regenerated catalysts must be
characterised and compared with those prepared by normal controlled combustion. The
other processes are methane steam reforming and hydro-treating catalysts, which can be
modified with CLC. The methane steam reforming and hydro-treating catalysts contains
Ni and Ni/Mo, or Co/Mo, respectively, so they can only be physically mixed with oxygen
carriers for regeneration. Although clearly Ni and Co are suitable oxygen carriers for
CLC, these cannot be oxidised before regeneration to avoid normal combustion of the
coke. Again, the characteristic of CLC-regenerated combustion must be compared with

those by normal combustion.

8.2.3 Suggestions for the applicability of low temperature CLC

In order to define the potential scope of the application of low temperature CLC concept,
higher hydrocarbons other than alkanes can be tested, for example, alkenes and aromatics.
Furthermore, the utilisation of other oxygen carriers such as Ni-, Fe-, and Co-based may
be investigated for the low temperature CLC concept. Additionally, while it is observed
that using supported oxygen carriers eliminated sintering and agglomeration over a few

cycles, this needs to be investigated in detail.
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Appendix A — GC chromatograms for the liquid and gas products
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Figure A.1. GC chromatogram of the liquid products obtained from the cracking of n-hexadecane

over oxidised and reduced oxygen carriers modified ECat by mechanically mixing. The numbers
on the chromatograms represent the presence of n-alkanes.
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Figure A.2. GC chromatogram of the liquid products obtained from the cracking of n-hexadecane
over oxidised and reduced oxygen carriers modified ECat by impregnation. The numbers on the
chromatograms represent the presence of n-alkanes.
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Figure A.3. GC chromatogram of the gas products obtained from the cracking of n-hexadecane

over oxidised and reduced oxygen carriers modified ECat by mechanically mixing.
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Figure A.4. GC chromatogram of the gas products obtained from the cracking of n-hexadecane

over oxidised and reduced oxygen carriers modified ECat by impregnation.
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Appendix B — Effects of temperature and oxygen carriers on the CLC products of

coke
—— CO, (850 °C) CO, (800 °C) —— CH,(850°C) — CH, (800 °C)
—— C0, (750 °C) ——— CO0, (700 °C) —— CH4(750°C) — CH,4 (700 °C)
———. T(850°C) ———-T(800°C) s00E00 900
———T(750°C) ———-T(700°C) oo
1.20E-07 900 600
2.00E-09
300
1.00E-07 750
o 0.00E+00 0
. 8.00E-08 600 < 2030 40 50
< @
= E — H,(850°C)  — H, (800 °C)
c -
5 6.00E-08 450 B — H,(750°C)  — H,(700°C)
3 g 1.00E-10
Z 4.00E-08 300 @
]
2.00E-08 150 5.00E-11
0.00E+00 0 0.00E+00 0
20 40 60 80 20 30 40 50

Time (min)

Figure B.1. CLC products from the combustion of coke deposited on ECat with CuO at 700-850
°C in FxB-MS unit.

—— CHy4(Cu0)  —— CH, (Mn,05)
CO, (CuO JE— M 4
2(Cu0) CO; (C0304) CO, (Mn05) — CH. (Co:0) A
——— T(Cu0)  ----- T(Cos0) ——— T(Mn,0y) 2.00E-09 900
1.20E-07 900 e 600
1.00E-09
1.00E-07 750 300
o 0.00E+00 =+= 0
< 8.00E-08 600 < vy 20 140 60 80
g s .
£ 6.00E-08 450 G- — H2(Cu0)™  — 1, (Mn,0y)
c N é’_ — H2(Co30,)
S 4.00E-08 300 @ 6.00E-11 , 900
2.00E-08 150 600
3.00E-11
0.00E+00 0 300
) ) 0.00E+00 0
Time (min) 20 40 60 80

Figure B.2. CLC products from the combustion of coke deposited on ECat with CuO, Co304 and
Mn,O;3 at 800 °C in FxB-MS unit.
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Appendix C — Kinetic analysis of n-hexadecane combustion with CuO

C.1. Determination of reaction order (n)
The steady state material balance for n-hexadecane;

Fal, = Faly. £7a-AW=0

W+AW

(C.1)
F,]w: Molar flow rate of A before reaction (mol/min), F4|,,+aw; Molar flow rate of A after

reaction (mol/min), r,; Reaction rate of A (mol A*g OC**s™), Aw; differential weight of

oxygen carrier (g OC).
F,=Q*C,
rA' =Q* (CAO _CA)
WOC
— (CAO — CA)
AT *
Poc " T (C.2)

C,o; Droplet concentration of A before reactor (mol/L), C4; Concentration of A after reactor

(mol/L), p,; Bulk density of oxygen carrier (g OC/ml), t; Residence time (s).

An example calculation was demonstrated below for n-hexadecane flowrate of 0.03
ml/min at 480 °C.

%+ Cao in droplet condition

Qo ™ Pa
F, =<0 Pa (C.3)
A0 MA
Fro = 0.03MAxg 77 94 L _1.02+10 MOA
min mlA 55641 gA min
" “mol A
mol A )
Npo = Fap *tieeg =1.02%107 W*G.G? min = 6.80*10“mol A (C.4)
ml 1L .
V, =Q, *t,, =1.0—* *6,67min =6.67*10°L C5
= Qb L min  1000ml (€3)
*1N4
C,o = Ny _ 6.80*10 TOIA 0102 molA (C.6)
V,  6.67*10°L L

«» Determination of Ca
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Ca=Cyd-X) (C.7)

Cp= CAo 1-X)= 0-102%6\*(1—0.82) = 0,02%6\

The further results of n-hexadecane concentrations for four different flow rates and

conversions are presented in Table C.1.

Table C.1. Concentration of n-hexadecane (A) in reactor inlet (Cao) and outlet (Ca)

Qa treed Fao NAo V2 Chao Conv. Ca
(ml/min) ~ (min)  (mol/min) (mol) (L) (mol/L) (mol/L)
0.03# 6.67 1.02E-04 6.80*10* 6.67*10° 0.10 0.82 0.02

0.10 2.12 3.40E-04 7.20*10* 2.12*10° 0.34 0.79 0.07

0.20 1.03 6.80E-04  7.03*10* 1.03*10% 0.68 0.58 0.29

1.40 0.15 4.76E-03  7.14*10* 0.15*10° 4,76 0.32 3.24
#Calculations demonstrated above were done for the flow rate of 0.03 ml/min and repeat for the other flow
rates.

+» Residence time (7)
Void volume
T=————

Qn, +Qa

Qn,; Nitrogen flowrate trough the reactor (ml/s), @ ; Vapour phase n-hexadecane flowrate trough

(C.8)

the reactor (ml/s).

ml _1min ml
Qy. =1—*——=0.0166—
2 min 60s S
Q, =1.02*10°* mo_l A, 22400ml , 1min _ 0.038ﬂ
min Imol A 60s S

The flow rate through the reactor at reactor temperature,

Qu = 0.054£|*—T’ea°‘°r = 0.054"‘—273Jr 480 =0.13 ﬂ
ambient 25+ 273 S
. W,
Void volume =V, reacior ——— (C.9)
Void volume = 2.294ml —& =1.81ml
gCuO
6.31
ml CuO
e Void volume _ 1.81mrrl1I 13155
Qtot 0.1367
S
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+ For reaction rates

mol mol
0.10 -0.02
r L (CAO _CA) — L =4 89*10—3 mol A
R )
Pocou ™7 1.3099C %1330 goC*s
ml

Table C.2. Reaction rate values for four different flowrates of n-hexadecane (Qa).

QA CAo CA T ra' In(rA') |n(CAo)
(ml/min) (mol/L) (mol/L) (s) (mol A/gOC*s)

0.03# 0.10 0.02 13.15 4.89*10° -5.3200 -2.2825
0.1 0.34 0.07 5.01 4,12*10? -3.1890 -1.0785
0.2 0.68 0.29 2.66 1.14*10* -2.1715 -0.3854
14 4.76 3.24 0.40 2.92*10° 1.0714 1.5605

#Calculations demonstrated above were done for the flow rate of 0.03 ml/min and repeat for the other flow
rates.

The other reaction rate (ra") values for the flowrates of 0.1, 0.2, and 1.4 ml/min are
presented in Table C.2.

If the combustion reaction of n-hexadecane with CuO was assumed n™ order as
r, =k*C,", the slope of the graph In(ra") versus In(Cao), Figure 7.15-a, should give the
order of the reaction (n). The reaction order for n-hexadecane combustion with CuO was
found as about n=1.6 and the reaction rate coefficient was about k= 0.223 L%/(mol A%¢*g
OC*s).

C.2. Determination of activation energy (E)

When the order of the reaction is assumed constant (1.6) at different temperatures, the
activation energy can be calculated by Arrhenius plot for a constant flow rate of n-
hexadecane at different temperatures, 380, 400, 440, 480, 520, 560 °C. An example
calculation was demonstrated below for n-hexadecane flowrate of 0.2 ml/min at 480 °C.

++ Concentration of n-hexadecane

From equation C.3-C.7,
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02MAxg 77 gli "
Fao = i Am =6.80*10" mo.
226.41-9 min
mol A

oo = Fio g =6.80%10* ™ A1 03min = 7.03*10“molA
min

VN :QN *tfeed :1-0l_l* 1L *103m|n:103*10_3L
? 2 min 1000ml

*1N4
- Ny _ 6.80 1*0 TOlA _ 0.680 molA
V,,  1.03*10°L L

C

C.=Caoll-X)=0480T A1 1-0.58) ~0.286 ™24

** Residence time (7)

From equation C.8 and C.9;

ml _1min ml

Qy =1—*——=0.0166—

2 min 60s S
Q, = 6.80%10" mo_l A, 22400ml , Imin _ 0.254ﬂ
min  1molA 60s S

The flow rate through the reactor at ambient temperature,

Q,; =0.0166+0.254 = 0,2706ﬂ|
S

The flow rate through the reactor at reactor temperature,
ml, T Jogx 273+480 _ ml

Q =0.2706 — * —feace = 0, 0.684 —
ambient 25+ 273 S
Void volume = 2.294ml —ﬂ =1.81ml
gCuO
6.31
ml CuO

. _Voidvolume _ 1.8Iml 2.647s at 480 °C

Q 0.684”2'

+» Reaction rate at 480 °C

Using the equation C.2,
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mol mol

0.680 —-0.286 —

rA' _ (CAO _(iA) — LOC L =0.114 mol f
Poceun T 13092 % 6475 goC™s
ml
r, =k*C,.* (C.10)
o o114 MOIA Ny
o gOC*s 1 L
cl® L6 T mol A% *gOC *s

A (0.680 mol Aj g

The further results at the temperatures from 380 to 560 °C are presented in Table C.3.

Table C.3. Reaction rate values at different temperatures from 380 to 560 °C.

T  Conv. Cho Ca T ra' k In(k) UT
(°C) (mol/L)  (mol/L) (s) (mol A/gOC*s) (1/K)

560 0.76 6.80*10% 1.63*10% 2.41 1.65*10 3.06*10! -1.18 0.0012
520 0.63 6.80*10% 2.52*10* 2.53 1.30*10* 242*10% -1.42 0.0013
480% 058 6.80*10! 2.86*10" 2.66 1.14*10* 2.11*10* -1.55 0.0013
440 051 6.80*10* 3.33*10% 2.81 9.49*10 1.76*10" -1.74 0.0014
400 046 6.80*10* 3.67*10% 2.98 8.08*10 1.50*10 -1.90 0.0015
380 032 6.80*10* 4.63*10* 3.07 5.45*107 1.01*10" -2.29 0.0015

#Calculations demonstrated above were done at 480 °C and repeat for the other temperatures.
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