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Abstract

Global warming due to greenhouse gases emissions by human activities has become a critical concern
for the future of our civilization on this planet. The ever-increasing levels of carbon dioxide in the
atmosphere are causing evident dramatic effects on Earth’s climate, with destruction of ecosystems,
increase in extreme climate events and their following dramatic and negative consequences on human
health, economy and society. As such, novel environmentally sustainable low emission processes
need to be developed to replace conventional industrial processes. In particular, hydrogen and syngas
demand to be used in the energy and industrial sector has seen a dramatic rise in the last years, which
is expected to keep increasing at remarkable rate with the further growth of industrial activities, but
its conventional production process, steam reforming and coal gasification, utilize mainly non-
renewable fossil sources as their feedstock and are associated with high carbon dioxide emissions. As
such, new approaches to these processes are needed to achieve greater sustainability. In this elaborate
first part, an extensive review of current and novel hydrogen and syngas production technologies is
provided. The key aspects of each technology are reported, discussing their advantages, disadvantages
and technology readiness levels, with a further focus on the chemical looping technology utilizing
solid oxygen carriers to substitute direct contact between gaseous reactants and simplify product
current post treatment and separation. For the chemical looping approach, the state of the art of
oxygen carrier development is discussed, with focus on the use of cerium dioxide based carriers.
Cerium dioxide provides excellent performance in terms of stability over multiple reaction cycles and
product selectivity. The review work is then followed by the presentation of experimental results for
methane conversion on four different oxygen carriers: a natural chromite mineral, pure cerium
dioxide, a 50% mol mixture of cerium and copper oxide and a mixture of 30 %w alumina in cerium
dioxide. While the chromite and cerium-copper oxide carriers proved inadequate for syngas
production due to excessive aggregation and low selectivity, the alumina-cerium dioxide carrier
showed enhanced conversion, selectivity and yield compared to the pure cerium dioxide carrier, with
yields of 2.9+0.5 and 1.5+0.3 mmol/gCeO: for H> and CO and 41+6% average methane conversion
when regenerating in 3% vol oxygen, and yields of 2.80+0.01 and 1.35+0.04 mmol/gCeO- for H; and
CO, with average coke formation of 0.7+0.4 mmol/gCeO: per partial oxidation step and 31.6+0.3%
average methane conversion when regeneration of the carrier was carried out in 15% CO; feed.
Cerium dioxide carriers demonstrated low coke formation, especially once process time duration was
optimized to 20 min for the studied process conditions (10% mol CH4 flow, 1 NL/min, 950 °C), which
coincides with carrier conversion around 40% at temperature of 950 °C. A first attempt at modeling
the chemical looping reforming process using kinetic data retrieved from the literature was carried

out implementing a model on Aspen Adsorption™ software. While the qualitative results of
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simulation match the behavior observed in the experimental tests, the lack of quantitative agreement
points to the need to dedicate further research in understanding process mechanisms and obtaining
accurate data for process simulation.

Other than greenhouse gases emissions, toxic emissions are also a critical concern for process
sustainability. In particular, volatile organic compounds are persistent environmental pollutants that
are greatly associated to severe health consequences upon exposure, with a significant number of
such substances being potent carcinogens. Oil refineries, and in particular leakages and fugitive
emissions from oil storage tanks are a severe source of hydrocarbon volatile organic compounds,
causing severe risk for the workers and the population around such plants, as well as a threat to the
surrounding environment. These emissions are also a severe economic problem, causing significant
losses of valuable products, also compounded by the cost of the damage caused by the emissions
themselves. As such, it is necessary to deal with these emissions in order to avoid negative
consequences and prevent economic losses. In the second part of the present elaborate, the main
technologies available for abatement of volatile organic compounds are discussed, with a greater
focus on adsorption. Adsorption, especially if followed by absorption to complete recovery, allows
to obtain high degree of abatement in a wide concentration range. However, the design of
multicomponent adsorption processes is a complex phenomenon which is only limitedly discussed in
literature for this application. In the present elaborate, an extensive review of literature data for
adsorption of hydrocarbons is performed for zeolite, activated carbon and silica adsorbents. Then, an
Aspen Adsorption™ simulation is performed to assess the behavior of an activated carbon adsorption
column with different designs on the performance of the purification. Bed height and diameter were
shown to play the greatest role in determining column performance, with a power law relationship
between each parameter value and concentration at the end of 30 days of continuous operation.
Regeneration pressure was shown to have instead an exponential effect, while purge flowrate effect
was negligible in the range investigated. The work in adsorption simulation was carried out in

collaboration with Duemme Engineering, Bologna.
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Introduction

Over the past decades, anthropogenic activities have led to significant negative impacts on Earth’s
climate and environment. Ever increasing emissions of greenhouse gases, particularly carbon dioxide
produced by fossil fuels combustion in industrial activities and vehicles have caused a significant rise
of the average global temperature, leading to significant concern of the scientific community over the
increasing rate and intensity of climate related disasters such as hurricanes [1], heat waves and
prolonged drought [2], floods [3,4] and shortages of food and clean water availability in several
regions of the world [5,6] causing significant damage to our planet ecosystem as well as to human
society and economy, particularly in the less developed regions of the world [7,8]. The 2023 report
of the Intergovernmental Panel on Climate Chage (IPCC) [9] evidences that in 2019 the average
atmospheric concentration of carbon dioxide reached a maximum of 410 ppm, the highest value
observed in the last 2 million years on the basis of available measurements and estimates from
available data in fossil record, geological layers and Antarctic ice cores, with carbon dioxide
equivalent emissions from human activities having increased more than 54% higher than those
observed in 1990. Without the implementation of effective mitigation strategies to reduce emissions,
their continuous increase will lead to unreversible and severe impacts on the ecosphere, as global
average temperature will increase by more than 2°C. Figure 1 represents the plot of the atmospheric
levels of carbon dioxide measured at the Mauna Loa Observatory, showing the evident increasing

trend over the past decades.
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Figure 1: monthly Average CO» atmospheric concentration measurements (part per million) taken at
the Mauna Loa Observatory of the Scripps Institute of Oceanography, starting from year 1959 up to
August 2024. Image taken from Scripps Institute of Oceanography website [10].

Normative efforts for the reduction of carbon dioxide emissions have increased over the past years.
Several countries, such as the European Union [11], the United States of America[12] and China [13]
have set ambitious goals to achieve net zero carbon dioxide emissions within the end of the century.
The Paris Agreement [14], which was subscribed by 195 countries all around the worlds legally binds
its member countries to take measures to ensure that the maximum temperature increase will be
limited to a maximum of 1.5° C by the end of the century. In particular, ever-increasing effort is being
dedicated to the development of carbon capture, utilization and storage (CCUS) technologies [15,16],
which, together with an increased utilization of renewable energy sources as alternative to fossil fuels,
are of crucial importance in achieving the successful reduction of carbon dioxide emissions within
the limits necessary to keep the warming within the boundaries of best-case scenarios. Capture
technologies alone, though crucial, are not enough to meet this goal, and the development of new and
more sustainable technologies as alternative to conventional industrial process is essential to meet the
decarbonization requirements. The use of hydrogen as energy vector has long been considered an
interesting and feasible alternative to the burning of fossil fuels for the energy industry [17] and the

production of syngas mixture of hydrogen and carbon monoxide is also of crucial importance for the
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chemical industry, as precursor to processes such as methanol synthesis and Fischer-Tropsch
production of hydrocarbons [18,19]. Their current production processes however are based on the use
of fossil fuels and are also associated to high environmental impact and greenhouse gas emissions. In
order to achieve sustainability, the environmental impact and costs of its production need to be
considerably reduced compared to current main production process of natural gas reforming,
especially when considering the rapidly growing demand for both hydrogen and syngas use in the
global market. Therefore, the first and main part of this thesis deals with the study and optimization
of chemical looping reforming processes for hydrogen and syngas mixture production. First, a review
of the state of the art of hydrogen and syngas production demand in the global market and their
production processes will be presented, highlighting the main strengths and disadvantages of the
production technologies currently commercially available or under research and their current
technology readiness level (TRL). Then the chemical looping approach to reforming processes will
be presented, with a discussion of the fundamentals of the process and particularly on the properties
of the required oxygen carrier materials, with a focus on the use of cerium dioxide. Finally, the
experimental activity performed using cerium dioxide oxygen carrier will be presented and its results
and potential future developments will be discussed. A first approach to simulation of the process

using the Aspen Adsorption™ software will also be presented.

Greenhouse gases are not the only concern when considering sustainability in energy and chemical
production sectors. Releases of hazardous substances in the environment from production activities
and accidental events constitute a risk to both chemical plant operators and the surrounding
community and ecosystems [20—22]. Such releases not only can be immediately dangerous, but they
can also cause relevant economic losses both due to the damage caused by their presence in the
environment and also simply because valuable products are lost with very limited possibility of
recovering them once they are dispersed. As such, the study of approaches to avoid these releases is
of great importance both from an economic and safety point of view. Volatile Organic Compounds
(VOCs) are a particularly concerning pollutant: the term is used to designate a vast list of organic
compounds which are either gaseous or highly volatile in environmental conditions (atmospheric
pressure, temperature of 293.15 K) [23], with the legislation of the United States of America also
emphasizing their photochemical activity in the atmosphere [24]. VOCs are emitted from both natural
sources and anthropogenic activities, with common emissions being associated with forest fires,
agriculture, vehicle transportation and chemical industry [25], and are responsible of several serious
effects both on environment and human health: the presence of photoreactive VOCs in the atmosphere

leads to formation of ozone, aerosols, smog and other dangerous reactive species that contribute to
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both pollution and climate change phenomena, and several VOCs are themselves directly dangerous
to living organisms upon exposure due to their toxicity, causing respiratory problems, growth
inhibition, irritation and inflammation of body tissues, and carcinogenicity [26,27]. It has been
estimated that in the years 2000-2019, between 36.4 to 39.7% of the global population has come into
risk of cancer due to exposure to harmful VOCs levels, with China reaching exposure levels as high
as 84.3% of its total population. Exposure of the Chinese population to VOCs in the years 1980-2017
has been associated to increased risks of asthma, leukemia and low birth weight of children [28]. As
shown in Figure 2, while emissions in Europe and the United States have decreased in the past years,

the rest of the world has seen significant increase in VOCs releases, with the energy sector and the

use of solvents being the main sources.
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Figure 2: interannual variation of the annual total non-methane VOC (NMVOC) emissions during
2000-2019. (a, c) NMVOC emissions according to region; (b, d) emissions according to sector.
Numbers in panels (a, b) represent the relative rate of change in NMVOC emissions during 2000—
2019. Percentage values within panels (c, d) indicate the proportions of regional and sectoral
emissions in the global annual total emissions for 2000-2019, respectively. ECEurope=Eastern and
Central Europe), LATIN =Latin America, NAME=Northern Africa and the Middle East, ROA=Rest
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of Asia, ROW=Rest of the World), SSA=Sub-Saharan Africa, WEurope=Western Europe,
AGR=agriculture, ENE=energy production, IND=industry, TRA=transportation, RCO=residential,
commercial, and other, SLV=solvent, WST=waste, SHP=international shipping [29].

Petroleum refineries are a major source of VOCs emissions, being the second most relevant source
of anthropogenic VOC:s after the transportation sector [30]. The operation of oil and fuel storage tanks
and facilities, in particular, represents a significant point source of volatile organic compounds, which
expose the surrounding environment to risks of toxicity both acute and chronic, as well as
carcinogenic effects, potential risks of flammability of the light vapors and formation of ground level
ozone [30,31]. VOCs from storage tanks can be released due to simple evaporation over time, but
they can also be released in bursts during tank loading operations due to displacement of the tank
vapors by the entering fuel [32]. Procedures and technologies to avoid these releases are therefore of
great interest. Vapor recovery units (VRUs) utilizing various technologies, from cryogenic separation
to membranes and adsorption, are nowadays commonly implemented in storage facilities to intercept
these releases and reload the captured VOC:s to the fuel tanks, thus avoiding these dangerous leakages
[33,34]. Adsorption columns are a very common solution for the VRUs [35], however, the design and
optimization of columns suitable for multicomponent adsorption is a rather difficult task, due to the
complexity of the VOCs mixture that constitutes the vapors. For this reason, numerical tools that
allow for the simulation of the column can provide most useful guidelines for optimizing column
design and sizing. The second part of this elaborate will thus deal with the simulation of the operation
of a multicomponent adsorption column for a VRU application, studying the effect of variation of
different parameters on column operation using Aspen Adsorption™ software. This work was carried

out in collaboration with the engineering firm Duemme Engineering of Bologna.

Nowadays, continuous processes represent the standard for several applications in the chemical and
energy industry, especially for large scale applications. Compared to batch processes, continuous
processes are generally easier to control and avoid the presence of non-productive dead times.
However, sustainability is an ever-increasing concern for industrial production. In particular, the
application of separation processes for the abatement of pollutants and carbon dioxide is bound to
play a crucial role in the design of novel processes. Unfortunately, common separation processes
possess several limitations, namely they are generally costly, particularly when treating diluted
currents, and many are inherently discontinuous. As will be discussed more in detail in the following
chapters, cyclical operation provides a pathway for process intensification both in reaction processes

(chemical looping approach), allowing regeneration of the reaction catalysts and oxygen carriers and
12



obtaining inherent separation of product streams, and in separation processes, permitting continuous
operation of inherently discontinuous processes such as adsorption. In both cases, optimization of
cyclical operation and sizing of equipment are crucial to maximizing process efficiency. The present
elaborate thus investigates these two cases of cyclical processes and shows the potential of applying

numerical simulation to each case.
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Part 1: Chemical looping for syngas production: experimental
and numerical study of the looping process using solid oxygen

carriers for methane conversion with a focus on cerium oxide

1.1-Hydrogen and syngas in the chemical and energy sector

1.1.1-Hydrogen and syngas demand

Hydrogen is the lightest element in the periodic table, at an atomic number of 1. Molecular hydrogen
formation was first scientifically observed by chemist and physicist Robert Boyle while
experimenting with acids and iron around the year 1671. It was first recognized as an element by
Henry Cavendish in 1766 [36] and it was then given its name by Antoine Lavoisier [37]. Hydrogen
is a fundamental raw material in the chemical industry, where it finds its most relevant application in
the synthesis of ammonia, which is an essential step toward production of fertilizer, and the
production of methanol [38]. It is also widely used as a reducing agent for the steel industry [39] and
for hydrotreating, cracking and desulfurization processes in refineries [40]. Finally, hydrogen finds
some limited applications as fuel in aerospace and automotive industry. According to data from the
International Energy Agency, in 2022 global hydrogen consumption reached 95 Mt, with China alone
accounting for 30% of the total demand, followed by the United States of America [41]. About 41 Mt
were used in refineries, while 53 Mt were consumed in the chemical and steel industry, 60% of them
going into ammonia production, 30% into methanol synthesis and 10% into steel making. In 2023,
the European Union consumed around 7.9 Mt of hydrogen [42], and total global demand surpassed
97 Mt [43], with an expected trend of continuous increase in the next decades following industrial
growth. This increase in demand is unfortunately also intrinsically connected with an increase in
pollution and greenhouse gases emissions: in fact, despite hydrogen being the most common element
in the known Universe, constituting about 90% of its estimated number of atoms [44], on Earth’s
surface it is mostly found bound in compounds with other elements, forming molecules such as water
and hydrocarbons, from which it needs to be extracted [45]. Nowadays, the hydrogen needed for
industrial and energy applications is mostly obtained from non-renewable hydrocarbon fossil sources
such as coal and natural gas, through steam reforming and gasification processes, with both
production technologies being unfortunately characterized by significant carbon dioxide emissions
[46]. The sole global utilization of hydrogen in petroleum refining in 2022 has been estimated to have
caused more than 240 Mt of CO, emissions to the atmosphere [41]. Several other technologies are

currently subject of research for hydrogen production, but none of them is as of now able to effectively
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outcompete steam reforming. In fact, these technologies still suffer from several downsides and have
yet to achieve wide scale commercial application, with many still not having reached pilot scale
development.

It should be noted that hydrogen is often not required alone, particularly in the chemical sector.
Several crucial processes in the chemical industry use synthesis gas as raw material, that is to say a
mixture of hydrogen and carbon monoxide (CO) in varying proportion, according to the process
requirements. Syngas is the essential raw material for Fischer-Tropsch synthesis of higher
hydrocarbons [47], methanol synthesis [48] and can be used as precursor for the production of several
other compounds [49,50]. Indeed, the common hydrogen production processes from fossil fuels
produce it as a syngas mixture of varying H> to CO ratio and are also the most common source of
syngas for industrial applications. In 2023 the global syngas market demand was estimated at 230.05
million Nm?/h, with a predicted growth of 11.3% from 2024 to 2030 [51], and an increase of 10.8%
in revenue [52]. Figure 3 shows an example of the prospected growth of the United States of America
market alone during the aforementioned period, associated to a 12% increase in annual revenue. An
increase in revenue of 5.9% has been predicted alone to be reached within 2030 compared to 2022
[53], with the European market growth alone being prospected to increase by more than 7% in the

2024-2029 period [54].

U.S. Syngas Market
Demand, by Production Technology, 2020 - 2030 (Million Nm3/hr)
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Figure 3: prospected growth of the syngas market in the U.S.A. by production technology in years
2020-2030 [51].
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Given the industry’s growing demand for both pure hydrogen and syngas, the development of more
sustainable pathways for low carbon footprint production technologies is essential for the
decarbonization of the chemical industry. Furthermore, international scientific and economic interest
in the sustainable production of hydrogen has been also attracted by the potential that hydrogen has
in contributing to the complete decarbonization of the energy sector, as well as other hard to abate
industry sectors [55,56]. Hydrogen can provide a sustainable alternative to the combustion of fossil
fuel with zero carbon dioxide emissions, and thus decrease greenhouse gases emissions in all fields
of human activities: in particular, it can be used as a very efficient vector for energy storage and
transport, being the chemical fuel with the highest mass specific energy density, with a Lower Heating
Value-Higher Heating Value (LHV-HHV) window of 120-142 MlJ/kg [55], much higher than
gasoline and even methane. Power to hydrogen approaches can be used to store and transport energy
obtained from renewable sources [57], overcoming the limits of traditional battery storage. Extensive
implementation of hydrogen is seen as a necessary requirement for meeting the Sustainable
Development Goals established by the United Nation Department of Economic and Social Affairs
[58,59]. When considering also the increased industrial and normative trends towards favoring
environmentally sustainable processes, the extensive use of hydrogen needed to achieve the
prospected net zero emission scenarios could lead to a growth of global hydrogen demand up to as
much as 8-folds by 2050 compared to 2020 [60]. Figure 4 displays the trends of hydrogen
consumption estimated for the global market in the period 2019-2030, in the expected scenario of net
zero emission policies implementation, clearly displaying the remarkable increase of consumption
expected in such a scenario. Syngas can also be used as energy carrier in the power sector [61],
particularly for biomass to energy conversions, though it is less efficient compared to the use of pure
hydrogen. Therefore, in order to achieve the ambitious goal of net zero emissions, the development

of sustainable hydrogen and syngas production is a mandatory requirement [62].
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Figure 4: perspective of global hydrogen use: estimated growth by sector over the 2019-2030 period
in the Net Zero Emissions by 2050 scenario (NZE). “Other” includes buildings and biofuels
upgrading. 2024e = estimate for 2024. The estimated value for 2024 is a projection based on trends
observed until June 2024 [43].

This section will therefore discuss in more detail the current state of the art of hydrogen and syngas
production technologies, reporting their TRL, their main advantages and disadvantages. According
to the method of production used, hydrogen has been commonly designated with different “colors”
that symbolize its sustainability [63], although the choice of colors is not univocal, and these will also
be introduced. A more in-depth examination of the chemical looping reforming approach will then
be provided, with a review of the main literature available and the current state of the art of research.
The next sections instead will deal with the further description of the experimental activity performed
and the description of its goals and main results. Other crucial aspects for the development of
hydrogen economy are the development of suitable transport and storage technologies and networks,
but their discussion, while essential for the development of the field, is beyond the purpose of the
current thesis, which is focused on hydrogen and syngas production, and will thus be omitted. For
those interested, literature reviews on the state of the art of these two critical aspects can be found in

the following references [64—67].
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1.1.2-Hydrogen and syngas production: the colors of hydrogen

1.1.2.1-Hydrogen and syngas production from fossil sources

The use of fossil fuels has a long history in the development of human civilizations. Evidence exists
for use of lignite coal combustion for fire and heat generation already in prehistoric times [68], while
the first confirmed systematic use of coal for fuel has been dated to the Bronze Age in China [69].
With the advent of the First Industrial Revolution in the 1800s, coal became the main energy source
for industries and cities, supplanting wood, charcoal and muscle power [70,71]. Coal was then
supplanted by petroleum during the Second Industrial Revolution [72], with the latter remaining the
main energy source up to our times. Furthermore, fossil fuels have long been the main source of
production of several chemicals [73], and they are the main source of hydrogen production. Several
different processes have been developed for hydrogen production from fossil fuel, which can be
divided into two main families: reforming processes, applied to conversion of gaseous and liquid
hydrocarbons, and gasification processes, applied to solid fuels. In the following, these processes will

be discussed in detail.

Reforming of gaseous and liquid hydrocarbons: grey hydrogen

Liquid and gaseous hydrocarbons, particularly methane, are nowadays the principal source of
hydrogen, obtained through reforming and oxidation reactions. Collectively, hydrogen produced from
these processes is commonly referred as “grey hydrogen” [74], and is characterized by significant
associated carbon dioxide emissions. The main reforming technologies can be essentially divided in
steam reforming, dry reforming and partial oxidation, with the possibility of combing one or more of

these processes in multi-reforming applications.

Steam reforming (SR)
Most of the world’s hydrogen is produced through the SR process applied to methane, amounting to
the 47% of the total produced hydrogen worldwide [75]. The reaction is as follows:

CHy(g) + Hy0(g) @ CO(g) + 3Hy(y) AH(298K) = +206% R1
The process was first introduced in 1930 in the USA [76] and has nowadays reached a high level of
technological maturity, with a TRL of 9 [77]. The endothermic reaction of methane with water forms
a syngas which is highly rich in hydrogen (H> to CO ratio of 3 or more). Figure 5 displays a typical

scheme for a steam reforming process.
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Figure 5: simplified scheme of a typical steam reforming process

The reaction is performed at high temperatures between 650 and 1000 °C and high pressure (540
bar) [78], comporting severe capital cost investment for the construction of the reforming plant. The
common nickel-based catalysts used for the process also suffer severely from sintering and are subject
to poisoning due to carbon deposition by methane cracking and to the presence of sulfur compounds
[79-81]. In particular, excess amounts of superheated steam compared to reaction stoichiometry are
required to avoid excessive carbon deposition, comporting significant costs and water consumption
[82]. A secondary autothermal reformer can be placed after the primary steam reformer to further
increase syngas production [83], then the water-gas shift (WGS) reaction [84] can be used to abate
CO and further increase the hydrogen content of the produced syngas, the latter being used especially
when the desired product is pure hydrogen. The high H> to CO ratio obtained by the process is
beneficial for pure hydrogen recovery, but it can be a negative when the desired product is syngas
destined to chemical synthesis, as the common methanol production and Fischer-Tropsch processes
are favored by lower ratios closer to their reaction stoichiometry [47,85]. A great limit of SR is the
high heat demand for the endothermic reforming reaction, which is usually met through the
combustion of part of the fuel feed to provide reaction heat, causing the SR process to produce
significant CO; emissions [86]. While methane is the most common alternative, liquid hydrocarbons
can also undergo SR processes [87]. However, their use is limited by the low conversion and lack of

optimized catalysts, coupled with high carbon deposition.
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Partial oxidation (PO)

An alternative for syngas production from hydrocarbons is the PO reaction [88], which when
considering methane as starting fuel can be written as:

CHy(g) + 3 02(g) 2 COgy + 2Hy(gy AHy(298K) = —36% R2
Compared to steam reforming, the partial oxidation reaction produces a syngas poorer in hydrogen
content (Ho/CO=2), which is less useful for hydrogen production but is well suited for use in chemical
synthesis [89]. Furthermore, the partial oxidation reaction is exothermic, thus not requiring the
sacrifice of part of the feed to heat production, and the kinetics of reaction is much faster, allowing
for smaller reactors and lower residence times. Partial oxidation can be carried out both as a pure
thermal process, at temperatures of 1200-1500°C, or at lower temperature of 800-900°C if a catalyst
is used [90]. The most relevant problem is presented by the need to control process selectivity as to
avoid the occurrence of complete combustion of the hydrocarbon feed [91], which not only lowers
the syngas yield of the process but is also cause of relevant safety concerns related to run-away of
reactor temperature and the presence of potentially explosive hydrocarbon-oxygen mixtures [92,93].
Thermal PO has already seen implementation in commercial plants when applied to higher
hydrocarbons [94], but it is hindered by the high temperature needed to steer selectivity, requiring
tight temperature control and high capital costs. On the other hand, catalytic PO, while theoretically
more favorable due to the lower temperature required, has yet to see any true industrial application
due to the lack of a sufficiently selective and robust catalyst and it has so far been employed on
projects only up to pilot scale [95]. Coke deposition is a common issue among the various proposed
catalysts [96]. Lastly, the other relevant problem of partial oxidation is that it requires the use of pure
oxygen as reactant, as the use of air would lead to dilution of reaction products by nitrogen, causing
a dramatic increase in the cost of downstream separation processes. Partial oxidation reactors
therefore require the implementation of high-cost air separation units (ASUs), which increase the

overall capital and operative costs.

Dry reforming (DR)

DR is another possible pathway for syngas production from hydrocarbons that can address the
problem of high carbon dioxide emissions in conventional SR [97]. Compared to steam reforming
and partial oxidation, dry reforming is unique in that it offers a pathway for carbon dioxide utilization
which could potentially allow the process to achieve net zero emissions, converting two greenhouse
gases into useful chemical precursors. In the dry reforming reaction, methane is reacted with CO>

rather than steam to produce a syngas with a Hz to CO ratio close to 1:
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CHyg) + COyg) 2@ 2C0g) + 2Hyg) AHo(298K) = +247 — R3

Due to the lower hydrogen concentration in the product compared to partial oxidation and steam
reforming, dry reforming is ill suited for production of pure hydrogen, but the produced syngas is still
of interest for chemical synthesis. The main drawbacks to the DR reaction are essentially three [98]:
first, carbon dioxide is a highly stable molecules, thus the resulting reaction is even more endothermic
than steam reforming; second, the selectivity of the reaction is badly affected by the simultaneous
occurrence of WGS reaction, which reduces the H> to CO ratio of the produced syngas [99]; finally,
all known catalysts are prone to fast deactivation following the clogging of active sites due to fast
coke formation [100]. Catalyst sintering is also possible due to the high reaction temperature required
(600-900°C [101]). Like SR and PO, DR can also be carried out on heavier hydrocarbon feedstocks
than methane, but carbon deposition becomes an increasingly relevant issue with longer chains, and

selectivity and conversion become overall lower [102].

Combined reforming and oxidation strategies

It is possible to combine SR, PO and DR to obtain optimized processes that achieve a balance between
the advantages of the single processes while addressing their drawbacks.

Steam reforming and dry reforming can be combined in a dual reforming (2R) process [103], where
both steam and carbon dioxide are simultaneously used as reforming gas. This process has already
seen commercial application for the reforming of biogas, which naturally contains carbon dioxide in
addition to methane [104]. In this case, the presence of steam reduces the problem of carbon
deposition compared to pure DR process [105], as the water is able to react with the solid carbon
oxidizing it into additional syngas, while the presence of carbon dioxide in addition to steam as the
oxidant can lower the H to CO ratio of the product syngas compared to SR alone [106]. Proper tuning
of the CO: and steam ratio in the reactant feed can be used to optimize the H> to CO ratio of the
product syngas. While this can improve the performance in terms of resistance of the catalyst to coke
deposition, the 2R process remains highly endothermic and sintering of the catalyst remains a
significant problem. Furthermore, carbon deposition is still more significant compared to SR alone
and conversion of carbon dioxide remains a limiting factor on the overall reaction efficiency
[104,107].

Another combined option allows to compensate for the high endothermicity of SR and DR by
combining either process with PO to obtain what is called an autothermal reforming (AR) process
[108]. Here, instead of combusting part of the feed to meet the heat requirement for the endothermic
reforming reaction, oxygen is added directly to the feed to obtain both a partial combustion and a

partial oxidation, which are used to provide the reaction heat required for a following DR or SR step
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in the same reactor. The typical reactor of an AR process is thus divided in two zones: an oxidation
zone near the inlet, where methane is reacted with oxygen starting the conversion to syngas and heat
is produced, and a reforming zone further away, where the heat produced in the first zone and
transported in the gas current is then used to perform the reforming reaction [109]. A dual catalyst
reactor may also be used as an alternative to thermal partial oxidation [110], as the same catalyst is
unlikely to be selective and efficient for both the oxidation and reforming reactions. Once started,
the process is thus able to sustain itself without the need for further external heat introduction. The
presence of oxygen and the lower reaction temperature compared to SR or DR on their own can also
partly avoid the problem of carbon deposition, and the process can be tuned to a wide variety of
feedstocks [111]. Despite this, AR still presents some significant drawbacks that limit its scope.
Compared to 2R, here the produced H>/CO ratio is less tunable, as the autothermal requirement for
the reaction imposes stricter limits on the feed composition in terms of useful O»/CH4 and H,O/CHg4
(or CO2/CHy) ratios, especially when considering their effect on reaction temperature, heat recovery
and coke formation [112,113]. Furthermore, the conventional reactor divided into two zones is subject
to high temperature gradients [114,115], thus being potentially exposed to strong structural stresses
and risks of catalyst degradation due to differential thermal dilatation [116,117]. Carbon deposition
and catalyst sintering remain a source of concern and efficiency loss, especially in the reforming zone
due to the high temperature that can be reached. Runaway of the temperature in the oxidation zone
and loss of selectivity towards complete combustion is also still possible, and the potential explosivity
of methane-oxygen mixtures poses a serious safety concern. Finally, AR shares the same essential
drawback of PO, in that it requires pure oxygen for the reaction to avoid N> dilution of the products,
thus needing the coupling of the process with an ASU, even though the requirement for pure oxygen
is lower compared to PO on its own. Overall, AR has not seen large scale commercial application
yet [118], but some industrial applications are nonetheless mature, for example its use as secondary
reforming treatment after steam reforming [83], as shown in Figure 5, using either air, when the final
use of the produced hydrogen is the production of ammonia, or oxygen, when used for production of
pure hydrogen and syngas.

The last possible approach combines SR, DR and PO all together, in a so-called tri-reforming (3R)
process [119]. Here, an autothermal process is obtained by covering the heat requirements of SR and
DR through the PO reaction, the presence of oxygen and steam reduces the carbon deposition issues
of DR, and the combined SR, PO and DR reactions lower the H, to CO ratio of the product syngas
compared to SR, simplifying its use in chemical synthesis [120]. The obtained syngas H»/CO ratio is
greatly tunable, and the process is a pathway for CO, abatement and valorization [121]. Despite these

benefits, the 3R reaction presents also similar problems to 2R and is still not available at commercial
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scale: thermal gradients in the reactor remain a concern affecting process safety and catalyst lifetime,
with catalyst sintering and resistance to poisoning being the biggest issue [122]. Caution should also
be put in the variation of feed composition: Oz and water are both much more reactive compared to
COa, thus the presence of either of them in excess can lead to low or even negative carbon dioxide
consumption, due to competition and presence of water gas shift reaction [123]. Finally, pure oxygen
and ASU are usually still needed to avoid N> dilution of the products, despite some 3R processes
being potentially able to use oxygen poor flue gas as feedstock [124], and the possibility of explosion

due to improper gas mixing is still present.

Gasification (G) of coal: black and brown hydrogen

Before SR was developed, the first technology used in large scale hydrogen gas production was Coal
Gasification (CG). Indeed, the first coal gasification plants were built in the 1800s, when their
product, a mixture of H>, CO, CO> and CH4, was commonly known as “town gas”, being used for
public illumination and heating in industrialized cities before the advent of electricity [125]. Coal
gasification for hydrogen production was largely supplanted by the advent of the cheaper SR
technology, but some plants remain active even today, particularly in China [126], and it is still
considered a mature technology. In this process, coal reacts with steam, carbon dioxide and/or low
oxygen concentrations gas feeds in a complex reaction network coupling pyrolysis (R4), combustion,

Boudouard reaction (R7), WGS (R9) and methanation reactions (R10) [127,128]:

Coal(s) = Hyg) + Char)(C) + Tar(, R4
Cis) + Oa(g) > COsgy AHo(298K) = —393.51 - RS
Cis) +3502(g) > COgy AHo(298K) = —110.53 - R6
Cisy + COyg) = 2C0(g) AHo(298K) = +172.50-L R7
Cisy + H20(g) > COqgy + Ha(gy AHo(298K) = +131.30-Z RS
COg) + Hy0(g) > COsg) + Hy(g) AHo(298K) = —41.17 -2 RO
Cis) + 2Ha(g) = CHag) AHo(298K) = —74.60-L R10

Coal gasification combines endothermic and exothermic reactions, but it is an overall endothermic
process, requiring high temperature to minimize H>O and CO; fraction in the product syngas [129].
It is usually carried out either in fixed bed, fluidized bed or entrained bed reactors [130], all of which
have seen some commercial application according to the characteristics of the available coke and the
economic feasibility of each alternative. The process can be carried out without catalysts, but their

use can increase the efficiency of coal conversion and hydrogen yield [131]. Recently, gasification
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has seen an increased interest in the energy sector, particularly through the development of the
Integrated Gasification Combined Cycle (IGCC) process [132], which has the potential of
considerably reducing emission and increasing efficiency compared to traditional coal combustion
plants for power generation [133]. The process, however, is still limited by its high costs and cannot
compete with SR at large scale industrial application [108]. In general, coal gasification is impeded
by the complexity of the process, its lower efficiency compared to SR and its high CO> emissions
[134,135]. High costs and operational complexity derive from the need of expensive post treatment
and cleaning of the produced gas to abate pollutants such as sulfur compounds, powders and tar, all
of which being also a safety and economical concern due to risks of gasifier and purification
equipment clogging and corrosion [136,137]. In addition, further difficulty in operation is introduced
by the inherent inhomogeneity that coal may present in terms of shape, volatilization, tar formation,
ash content and ash melting point, which limits the possibilities of using combined feedstocks from
different sources on the same gasifier, as each design presents strong limitations in the characteristic
of feedstock that it can treat. Finally, coal gasification is a very water-intensive process, requiring
extensive wastewater treatment to avoid pollution of the discharge sites [138]. Alternatives to
conventional coal gasification have been proposed in the form of plasma gasification [139], allowing
efficient conversion of lower calorific value feedstocks thanks to relying in plasma torch instead of
combustion-oxidation reactions to maintain temperature, and supercritical water coal gasification
[140], but these solutions are thus far not suitable for large scale application. Figure 6 reports the

schematics of typical commercial gasifiers.
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A technology that has received significant research interest is the so-called underground coal
gasification (UCG) [141]. In this kind of process, originally developed to allow for the utilization of
hard to mine deep coal seams, the standard gasification reactions are carried out directly in-situ by
injecting the gasifier agents (02, H2O and CO3) in the coal seam and providing ignition, thus
converting the surrounding carbon into syngas which is then extracted. Compared to the traditional
gasification process, UCG has the advantage of possessing a potentially lower environmental impact,
as the hazardous solid waste, ashes and liquid tars typically produced by gasification remain stored
underground in the coal seam and the coal can be converted without the environmental issues and
safety hazards of traditional mining technologies [142]. Furthermore, the emptied seam can
potentially be further used as a CO; geological storage site. This process has already been used in
several demonstration plants [143], and it is considered by some as a leading technology for clean
coal utilization. However, concerns remain about the environmental impacts potentially caused by
ground subsidence over the depleted coal seam, the possibility of groundwater contamination and the
possibility of generating syngas leaks with high greenhouse potential, concerning toxicity and
potential explosivity, which require good monitoring for a process that is intrinsically difficult to
monitor due to the depth of the coal seams involved [144]. The product syngas composition is also
difficult to control. UCG has so far reached a TRL of 6 [145], with pre-industrial applications already
in function.

In general, hydrogen obtained from coal gasification is usually referred to as “black” or “brown”

hydrogen according to the type of coal used, brown for lignite coal and black for bituminous coal

[74].

Integration of CCUS technologies: blue hydrogen

As previously mentioned, all reforming and gasification technologies share the common problem of
high carbon dioxide emissions as one of their bigger downsides, but on the other hand CG and SR
are currently the only technologies that are mature and cheap enough to allow large scale hydrogen
and syngas production in the short-term period [146]. Furthermore, sources for hydrogen production
based on renewable energy sources are currently negatively affected by their uneven distribution and
their temporal discontinuity [147]. As such, putting an immediate stop to the conventional production
pathways would be unfeasible and economically disastrous. While global consumption of petroleum
and coal is expected to decrease, the same cannot be said for natural gas, which, as a cleaner
alternative, is expected to replace most other fossil fuels in chemical synthesis and power applications

and remain a crucial part in the future energy mix and emission abatement effort [148,149].
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Significant interest has been therefore dedicated to the decarbonization of conventional hydrogen
production methods, with emphasis on the application of CCUS technologies [150] to both SR and
coal gasification, producing what is commonly referred to as “blue hydrogen” [151]. While this
potentially allows for a much cleaner production than its “grey”, “brown” and “black™ counterpart,
and can be a feasible cost competitive strategy for short-term and mid-term hydrogen economy
development, blue hydrogen cannot be really considered a sustainable alternative for hydrogen
production, as it is still based on non-renewable fossil sources [152—155]; it should also be noted that
there is also significant debate on the feasibility of blue hydrogen use for decarbonization, particularly
on the tradeoff between the efficiency of abatement technologies, the higher associated costs and the
real environmental impact of these processes when they are considered at a global level [95,156—
158]. Implementation of CCUS to reforming and gasification has been estimated to be at TRL of 8

[159], ready for near-term commercialization.

Methane decomposition (MD): turquoise hydrogen
A promising approach to hydrogen production from methane is through the methane decomposition

(MD) reaction, leading to the formation of solid carbon and gaseous hydrogen [160].
kJ
CH4(g) - Ci + 2H2(g) AHy(298K) = 74.9@ R11

This reaction, as mentioned before in the grey hydrogen production, is a common side reaction during
SR, PO, AR, 2R, 3R and especially DR processes, where it represents a significant issue as it causes
reactor clogging and catalyst poisoning, as well as worsening the overall heat exchange performance
of the reactor and lowering the selectivity towards syngas production [161-163]. However, the
reaction by itself has generated much interest in the research community due to its potential to be
used to consistently and competitively produce near pure hydrogen starting from methane, with
limited need for gas purification as the other product is easily separated solid carbon, and potential
zero carbon dioxide emissions [164]. Compared to SR, the cracking reaction is much less
endothermic, thus lowering the heat requirements for the process. Hydrogen produced through
methane decomposition applied to fossil hydrocarbons has been recently dubbed as “turquoise”
hydrogen [165]. However, like the previously discussed reforming technologies, turquoise hydrogen
cannot really be considered a green alternative for hydrogen production, as most of the methane is

obtained from fossil sources.

Thermal methane decomposition (TMD) and thermocatalytic methane decomposition (TCMD)
Like PO process, methane decomposition can be implemented either as a pure thermal process or be

facilitated at lower temperature through the introduction of a catalyst [166]. In addition to lowering
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the temperature required for the process, the presence of a catalyst can offer the further benefit of
providing a controllable microstructure for the produced carbon, for example forming nanorods and
nanotubes, which then becomes a further value-added product of industrial interest [167]. No carbon
dioxide or monoxide are directly formed by the reaction, so syngas is not directly obtainable, but it is
possible to obtain carbon monoxide from regeneration of the catalyst by partial oxidation of the
deposited carbon. The main limits of MD however are also to be found in the deposition of carbon,
as it can easily lead to reactor clogging and to the deactivation of the catalyst, thus leading to a
discontinuous production process due to the need to periodically remove the deposited carbon, with
difficulty in ensuring its complete removal [98]. Currently, thermal and thermocatalytic processes for

MD are at a TRL of 3 to 4 [168].

Plasma driven methane decomposition (PD-MD)

As an alternative to high temperature operation, plasma discharge can be used to activate the breakage
of methane C-H bonds [169,170], sometimes also coupled with a catalyst [171]. Compared to thermal
and thermocatalytic processes, the use of plasma for methane activation allows for an on/off operation
of the process, avoiding long start up and shut down time and making it ideal for use in combination
with intermittent renewable energy sources such as solar power and wind [172]. Thermal plasma
processes (TPD-MD) have already been implemented on industrial scale for hydrogen and carbon
black production, the technology being at a TRL of 8, though the original plant has since been
decommissioned [168]. Thermal plasma can produce high quality carbon black and carbon
nanomaterials together with high purity hydrogen, but the process is limited by the low energy
efficiency [173]. Non-thermal plasma decomposition, either in pure plasma application (NTPD-MD)
or in plasma-catalytic process (NTPDC-MD), has significant advantages compared to thermal
processes, has it can be operated at much lower temperature and pressure and higher energy efficiency

[174]. However, the technology is still in its early development phase, with TRL of 2-4 [168,175].

1.1.2.2-Hydrogen and syngas production from biomass and biogas: green hydrogen

As mentioned before, all reforming and gasification technologies (SR, DR, PO, 2R, 3R, MD, and coal
gasification) commonly produce hydrogen starting from fossil sources and cannot therefore be truly
considered as clean pathways for hydrogen and syngas production. Applying CCUS can mitigate
process emissions, but the problem of non-renewability of the feedstock cannot be addressed by
traditional fuel sources. These production processes however still merit research interest, as they have
the potential to be applied also to renewable feedstock, in particular biomass and biogas sources
[176,177]. This is particularly interesting when considering that biomass waste materials from other
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activities can be used as a potential feedstock for biomass conversion processes, providing an
advantageous pathway for waste disposal and valorization as well as not competing for cultivated
land availability with agriculture for food production [178,179]. The viability of these processes is,
however, highly dependent on the availability of abundant and cheap biomass feedstocks, which can
be subject to significant variability in both available quantity and composition, with substantial
differences among geographical regions and time periods [180,181]. Finally, despite using a more
environmentally friendly source for their feedstock, processes involving biofuels reforming can only
be truly eco-friendly and zero carbon if they are also coupled with CCUS technologies and use of
renewable sources for meeting the energy needs of the process: if these requirements are met,

hydrogen from biomass can be designated as low carbon “green” hydrogen [182].

Biogas reforming

In the case of reforming technologies, substantial efforts have been dedicated to extending their
application to biogas feedstocks. DR, 2R and 3R are of particular interest when dealing with biogas,
which is already a mixture of mostly methane and carbon dioxide, commonly in even proportions.
These technologies have the potential to be applied directly to biogas, without the need to first
separate it into biomethane [104,183]. Other biomass originated chemicals have also been considered
as reforming feedstocks for hydrogen production, such as methanol [184], ethanol [185] and glycerol
[186]. However, difficulties in application of these technologies to biogas and other biomass derived
feedstocks emerge when considering that these feedstocks commonly present much more impurities
compared to natural gas, particularly sulfur compounds and siloxanes, that can easily lead to catalyst
poisoning [187—190]. Furthermore, the problems related to the heat requirements of the process, the
optimization of catalyst activity and product selectivity and the catalyst resistance to coking and
sintering persist also for biogas feedstocks, as well as the additional costs for pure oxygen requirement

of PO, 2R and 3R processes.

Biomass gasification

Just as reforming technologies can be adapted to use biogas and biofuels in place of fossil
hydrocarbons, gasification and pyrolysis processes commonly applied to coal can be partially [191]
or completely converted to use biomass feedstocks [192]. Several different biomass sources have
been tested more or less successfully for hydrogen, syngas and energy production, ranging from
agricultural waste to algal biomass, wastewater sludges, animal farms residues and urban wastes
[193—-198]. Compared to gasification of coal, the use of biomass feedstocks involves several

complications due to their generally lower heating potential and their greater variability in
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availability, composition and properties such as ash melting temperature and density [199,200], which
can greatly affect gasification efficiency, syngas purity, yield and H2/CO ratio due to ash

agglomeration, soot and tar formation and catalyst poisoning [201-203].

Hydrogen production from biofermentation (BF)

Both gasification and reforming technologies are typical thermochemical conversion pathways,
generally requiring operation at high temperatures which negatively impact the cost of the process in
terms of equipment cost, process safety, energy requirements and catalyst sintering. Recently, BF
processes have been proposed as an alternative, less energy intensive hydrogen production pathway
that can be carried out in milder conditions while also being able to convert waste materials [204,205].
Fermentation processes can be carried out in the presence of light (photo-fermentation, PF) or in its
absence (dark fermentation, DF), with combined approaches also being possible [206]. PF uses
anoxygenic photosynthetic bacteria and energy from visible light to convert substrates into hydrogen
[207], while DF can use different strains of aerobic, anaerobic and facultative aerobic bacteria [208].
It should be observed that while PF can reach high level of substrate conversion, the requirement of
light makes optimal reactor design difficult to achieve [209]; on the other hand, the hydrogen yield
of DF is limited by volatile fatty acids accumulation formed by side reactions [210]. Combined DF
and PF processes can be used to improve performances [211]. In general, at the current state of the
art both technologies are limited by hydrogen yields much lower to other production methods,
difficulty in obtaining useful bacterial strains and by the intrinsic complexity of operation of
biochemical processes, where microbial growth and productivity can be negatively affected by
several factors such as pH, temperature, oxygen level and presence of nutrients and toxic compounds
in the substrate [212]. Also, while potentially useful for hydrogen production, syngas in general
cannot be directly obtained from these processes, although biomass derived from these processes can

then potentially be delivered to gasification or reforming facilities to be converted into syngas.

1.1.2.3-Other hydrogen production sources

The above presented technologies applied to fossil sources and biomass allow for the production of
hydrogen mainly in the form of syngas, with the exception of methane decomposition and
biofermentation of biomass, which instead produce mostly only hydrogen. Other processes exist that
instead focus more on the production of pure hydrogen and are therefore less useful for syngas

production application. Here they will be briefly discussed for completeness of the review.
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Hydrogen production from water
Water is the most common substance on Earth’s surface [213], and is the main form in which
hydrogen is available on our planet. Furthermore, the splitting of water into hydrogen and oxygen

does not involve any intrinsic carbon dioxide formation.
1 _ k]
H,0y 2 Hyg) + 502(9) AH,(298K) = +285'83E R12

As such, water would be expected to be a primary source for hydrogen production, however only a
limited amount of the world’s hydrogen demand is produced using water as raw material. This is
because water is a relatively stable molecule, and processes designed for its splitting into hydrogen
and oxygen are generally very energy intensive [214]. Several different technologies have been
proposed for water splitting, namely electrolysis, photocatalytic splitting and thermochemical cycles.
Water electrolysis (WE) is the most common water splitting technology and is the only one that has
seen industrial application, providing about 4% of the total hydrogen global production, mostly in
small scale plants [215]. Different technologies have been developed while attempting to optimize
the WE process, of which the main ones being alkaline water electrolysis (A-WE), anion exchange
membrane water electrolysis (AEM-WE) electrolysis, proton exchange membrane water electrolysis
(PEM-WE) electrolysis and solid oxide fuel cell water electrolysis (SOFC-WE). A-WE is the most
technologically mature process, being commercially available since the early 1900s [216], followed
by PEM-WE, also having some commercial application [217], SOFC-WE, currently near
commercialization [218], and AEM-WE, currently the least mature technology and still in the
research phase [219]. Figure 7 reports the schematics of these processes. Overall, the price of water
splitting technology is still high compared to the cost of SMR, even though it is expected to decrease
in the next years, and process efficiency and yield cannot yet compete at large scale [220]. SOFC
could represent the option with the lowest environmental impact according to Life Cycle Analysis

[221].
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Photocatalytic water decomposition (PC-WD) has recently drawn attention as a process for hydrogen
production thanks to its potential high efficiency in solar energy to H> conversion, low cost, effective
separation of H> and O, products and flexibility in reactor scale [222], however great challenges
remain in finding more active, stable and kinetically favorable catalysts and designing efficient
reactors needed for industrial application [223—225]. To this day, the process is still restricted to lab
scale testing. A potential alternative would be the development of artificial systems capable of
replicating natural photosynthesis processes that can be used for hydrogen production [226,227], but
this approach is also still far from being a mature technology.

Biocatalytic water decomposition (BC-WD) by oxygenic photosynthetic organisms such as algae,
plants and cyanobacteria has also been proposed as a pathway for hydrogen production [228].
Photosynthesis is perhaps the most important biological process for life on Earth, acting as the base
for most of our world’s ecosystems since it first developed [229]. BC-WD can be obtained either
through a direct or an indirect process [230], but both processes require light. Non-oxygenic
photosynthesis can also produce hydrogen [231], but it is not able to use water as electron donor, thus
requiring less available and more costly sources such as organic acids which make it less suitable for
large scale application [232]. Currently, BC-WD processes have been restricted to lab scale, with the
main problems being the low production rates and the low yields due to inhibition of hydrogen

production by the cogeneration of oxygen [233]. Nonetheless, improvements in these processes could
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potentially be obtained by coupling oxygenic photosynthesis, non-oxygenic photosynthesis and
fermentative processes [234].

Direct water thermolysis (DWT), where heat by itself is used to directly split the water molecule into
hydrogen and oxygen, has attracted some interest in the past, but the technology is plagued by the
need to work at very high temperatures (exceeding 2000 K) to have sufficient conversion and
appreciable splitting kinetics, which complicates severely the separation of the hydrogen product
from oxygen while also being extremely taxing on reactor design due to limited heat tolerance of
materials and catalysts [235,236]. It also leads to low energy efficiency and high risks of reactor
explosion and fires [237,238]. Combination of the process with high temperature electrolysis may
improve efficiency but it is still far from industrial viability [239].

As such, in recent years the interest in DWT has been mostly supplanted by the study of
thermochemical redox cycles water splitting (TRC-WS) using a solid carrier material [108,240]. In
these processes, water splitting is mediated by the redox reaction of a solid phase, acting not simply
as a catalyst, but as a true solid reactant. In the simplest variant, the solid phase is a metal oxide which
is cyclically reduced and re-oxidized to act as an oxygen carrier (OC) in a two-step cycle [241].
Several different materials have been studied as oxygen carriers for two-step TRC-WS processes,
ranging from cerium dioxide to perovskites and iron oxides [242—244]. Other more complex cycles
have also been proposed, consisting of up to four cycle steps involving oxide-hydroxide, oxide-
sulfate, metal-halide or oxide-halide pairings [245,246]. Compared to direct water thermolysis, this
approach generally involves much lower temperatures and does not form a hydrogen-oxygen mixture
as the two gases are produced in separate steps [245]. Overall, the technology readiness level is higher
for multistep cycles as compared to the two-step ones, because multistep cycles usually can be carried
out at lower temperature compared to two-step cycles, which require temperature above 1500 K for
all known oxygen carriers [247], but the global TRL remains low to medium both when considering
solar and nuclear energy as heat sources for these applications [248,249].

Overall, hydrogen production from water qualifies is designated as “green” hydrogen only if
renewable energy is utilized for the process, with CCUS also included in the production process [250].
Nuclear power can also be used to provide the energy required with low carbon emissions, thus
producing so called “magenta” or “pink” hydrogen if the nuclear produced energy is used to sustain
electrolysis or “red” hydrogen if the nuclear generated heat is used to sustain thermochemical water
splitting [251,252]. If the energy for the splitting is provided completely or in part from conventional
fossil sources through the conventional energy grid, water splitting technologies cannot be considered
really as zero carbon processes and the hydrogen produced is referred to as “yellow” hydrogen

[63,251]. This imposes a limit on the use of these technologies for “green” hydrogen production, as
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the distribution of many renewable sources is intrinsically uneven, and nuclear energy cannot be

considered renewable.

Hydrogen production from hydrogen sulfide

Hydrogen sulfide (H»S) is a highly toxic, corrosive compound which is gaseous at room temperature,
and can be found both in nature and as a result of human activities, being commonly present in sewage
and industrial waste, particularly of crude oil refineries, and in natural gas and biogas streams
[253,254]. In addition to its environmental risks, H>S presence in process streams poses a threat both
to pipelines, equipment and engines due to its corrosivity [255] and to catalysts due to sulfur
poisoning [256], therefore, its abatement is of high relevance for many processes. The traditional
pathway for its abatement in natural gas and petroleum refineries is the thermochemical Claus
process, first developed in 1883, which converts it to solid sulfur and water [257]. A potentially
advantageous alternative process is using hydrogen sulfide as raw material for hydrogen production,
thus coupling the abatement of a dangerous pollutant with production of a value-added product of
much greater interest compared to sulfur only production from Claus process [258]. Approaches
suggested for hydrogen production from H>S are split into two main pathways: reforming and
decomposition.

As the name suggests, in H>S reforming (H2SR) HaS is used as reforming agent for methane instead

of water or CO2 [259], following the scheme:
kJ
ZHZS(Q) + CH4(g) - CSZ(l) + 4H2(g) AH,(298K) + 232.38@ R13

H;S(g) = 5 Sa(g) + Hagg) AHo(298K) +79.87-L R14

With the final reaction being methane decomposition (R11). This process is more endothermic
compared to traditional SR, but it is advantageous in that it would remove the need for gas
desulfurization, and the produced carbon disulfide is itself a value-added product which can be
separated from the pure hydrogen product stream by condensation, while no greenhouse gases are
produced by the reaction [260]. Autothermal operation may be achieved by combusting part of the
product hydrogen, while still retaining good production [259], enhancing the energetic efficiency of
the process. Carbon deposition remains the greatest concern in terms of catalyst deactivation and the
main limitation in process development [261]. Costs of H2SR have been estimated to compare to SR
with carbon capture implementation or to methane pyrolysis, with the process potentially even being
able turn an ulterior profit thanks to the high value of the CS; byproduct [262]. However, the process
remains rather water intensive. Overall, the technology readiness level of the process has been

estimated at 6, not yet ready for industrial scale up, with research still mainly focused on finding

34



optimal catalysts and operative conditions to avoid carbon formation and maximize yield and
efficiency [263,264]. The process also utilizes methane, which, unless obtained from biomass,
remains a non-renewable fossil source.

Analogously to the methane decomposition and water splitting reactions, the H>S splitting reaction
R14 can be used by itself for hydrogen production, and exactly like the aforementioned reactions, this
is also an endothermic process. Several approaches have been proposed for this reaction, from
conventional thermolysis to electro and photolysis [258].

Thermochemical H>S decomposition (TC-H>SD) has long been subject of interest for hydrogen
production [265]. The main issue of the process is that both the purely thermal and the thermocatalytic
approaches are intrinsically limited by strong thermodynamic restrictions to H2S conversion
[266,267]. Most catalysts are unable to achieve conversions greater than 50%, with further great
obstacles to catalytic activity being the occurrence of sulfur poisoning and sintering due to high
temperature operation [268]. The need to separate great quantities of unreacted H>S from the product
current also leads to further complications, as conventional treatments such as amine adsorption are
costly and energy intensive, while alternative approaches such as membranes or supersonic separators
have yet to achieve effective large-scale application [269].

Plasma-driven H»S decomposition (PD-H>SD), particularly non-thermal plasma coupled with
catalyst, can achieve HaS splitting at lower operation temperature compared to thermal splitting [270],
and they can bypass the equilibrium limitations [271]. Pilot scale production of hydrogen using PD-
H>SD was tested with promising results by the Soviet Union, and the technology has an overall TRL
of 6, comparable to HoSR [272]: with proper selection of plasma source and catalysts, conversions
higher than 90% can be achieved at near room temperature and atmospheric pressure, however
challenges remain in the operation of large-scale stable plasma reactor. The removal of sulfur in
particular remains an issue for the continuous operation of the reactor [273].

Electrocatalytic H>S decomposition (EC-H2SD) can operate at lower temperature compared to
thermal dissociation [274], and is advantageous in terms of ease of control and potential cost-
effectiveness [275,276]. The splitting of hydrogen sulfide is much less energy intensive and has the
further advantage of not forming a potentially explosive hydrogen-oxygen gas mixture, producing
instead sulfur as an easier to separate solid product [277]. Both direct and indirect EC-H>SD processes
have been studied [278]. The direct electrolysis process is the easiest and least energy intensive to
operate [279], but it is hampered by the accumulation of elemental sulfur on the anode, which leads
to electrode passivation and poisoning, greatly reducing further catalytic activity and reactant
conversion [277,280]. Indirect electrolysis avoids the problem of sulfur passivation, thanks to its use

of an intermediate adsorbent for HoS dissociation [281], but the process is generally more complex
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and more energy intensive to operate compared to the direct route. It can also suffer from the
degradation of the intermediate adsorbent. Overall, the TRL of electrocatalytic processes has been
estimated as being between 4 and 5, with only bench scale tests being available so far [272].
Photochemical H>S decomposition (PC-H>SD) is an interesting process, as it would allow low
temperature hydrogen production from a highly abundant and renewable energy source [282]. The
process has been studied both in gas phase and in aqueous phase [283], but it is less mature compared
to other technologies: the gas phase process suffers from bad energy efficiency, while the aqueous
process is more complex, and it can suffer from corrosion and formation of byproducts. The aqueous
process is the most studied and promising approach, but the lack of optimized catalysts and recovery
strategies for sulfide species remains a problem for the overall process implementation [284]. Current
catalysts are not yet able to maximize light utilization, suffer from photocorrosion phenomena and
the mechanisms of reaction are not yet completely clear, which is an obstacle to optimized process
and catalyst design [285]. Due to these downsides, the process is currently unable to be scaled up for
competitive hydrogen production [286]. An alternative to pure photocatalytic processes has been
proposed in the form of photo-electric processes, able to produce not only hydrogen and sulfur but
also generating electricity in photoelectrochemical cells [283], which can work either in direct or
indirect configuration, the latter using chains of redox couples to favor recovery of elemental sulfur
[284,287]; however, stability and costs are limiting factors for the implementation of this technology.
Overall, the current TRL of PC-H2SD has been estimated at 3 [272], being the least developed
process.

Contrary to other technologies, no color has been conventionally associated with hydrogen derived

from hydrogen sulfide yet.

Naturally available hydrogen: white hydrogen

While hydrogen on Earth is mostly found in other compounds rather than in its elemental form, under
particular circumstances, it is indeed possible to find natural elemental hydrogen reservoirs and
production sites, even at rather high concentrations [288]: this hydrogen is commonly referred to as
“white” or “gold” hydrogen and it can be found as free gas, as an inclusion in rock formations,
dissolved in underground aquifers or dispersed in sea and freshwater sediment. For example,
hydrogen has been observed as adsorbed gas, as point defects in the crystal reticle of mantle minerals
and also as trace water in the upper mantle, particularly in olivine minerals and near subduction zones
[289]. Natural hydrogen can be of both biotic and abiotic origin, but biotic hydrogen is mainly formed
by deep sea and underground microbial communities and it is likely to be produced and consumed in

a tightly coupled cycle that for the most part does not reach the surface [290], so abiotic sources are
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the most relevant for surface emissions [291]. Some of this abiotic hydrogen may be the result of
release of gases originally trapped in the Earth’s core and mantle during Earth’s formation [292,293],
while other can be produced by processes such as the serpentinization reaction, which occurs water
comes into contact with magma containing iron containing minerals [294], the mechanoradical
reaction of silicate minerals exposed to the strong mechanical stresses caused by earthquakes [295],
the decomposition of hydrogen sulfide in volcanic gases [296] or the splitting of water due to the
nearby decay of radioactive minerals [297]. Among these processes, serpentinization is commonly
considered to be the main source of abiotic natural hydrogen [298], which is particularly relevant and
has led to an enthusiastic industrial interest in its study and search, as it could effectively be a cheap,
environmentally friendly and completely renewable source of hydrogen, since its extraction could be
economically much less expensive than reforming and electrolysis processes, with minimal carbon
emissions. Significant surface emissions of natural hydrogen likely to be produced by this process
have been observed in the proximity of known seismic fault lines, such as the “eternal flames” of the
Chimaera region in Turkey [299], and natural traps of large amounts of subsurface hydrogen have
been discovered, the most famous being the Bourakebougou wells in Mali [300,301], where a pilot
plant for extraction and utilization of the nearly 98% pure hydrogen stream for power generation has
been successfully installed. Other relevant ground hydrogen emissions sites have been identified in
several countries such as Spain [302], Canada [303], Saudi Arabia [304], China [305], Australia
[306], Brazil [307], Albania [308], Russia [309] and the United States of America [310]. Despite the
great hype and potential surrounding this new field, great uncertainties still remain on the real
feasibility of natural hydrogen [311]: while past know-how in extraction technologies from the oil
industry can be transported to extraction technologies for hydrogen, experience in proper
identification of potential hydrogen wells and geological traps is still lacking, since the industry is
still in its early stages and hydrogen itself being hard to detect [312,313]. Furthermore, there is still
no certainty on the true amount of natural hydrogen that is available at feasible concentrations and
depth for safe extraction [298,311].

Another alternative that has been considered is the production of hydrogen by artificially inducing
serpentinization through pumping of carbon dioxide rich water into hot subsurface iron rich rock
formations, coupling hydrogen production with carbon dioxide storage by mineralization [314], but
knowledge on proper identification of production sites, operating conditions and hydrogen recovery
technologies is still missing. Overall, the TRL for natural hydrogen utilization has been estimated as
6, with only the plant in Mali being active for consistent hydrogen production, but lacking estimation

of the total reservoir [315].
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1.1.2.4-Final remarks on hydrogen and syngas production technologies

Table 1 recaps the current state of the art of hydrogen and syngas production technologies. While

methane decomposition, water splitting, HoS splitting and reforming and natural hydrogen are all

promising sustainable pathways for environmentally sustainable production of pure hydrogen, they

are less interesting when the desired product is syngas. Production of syngas therefore remains limited

to fossil fuels and biomass as precursors, with the conventional technologies of reforming and

gasification remaining the more viable options for its large-scale implementation. As such,

improvements are required in order to increase the sustainability of conventional reforming processes

and overcoming their traditional limitations.

Table 1: recap of hydrogen and syngas production technologies

Process Raw material Product Hz color Advantages Disadvantages TRL
CHs4 Mature technology Energy intensive
Liquid High hydrogen Catalyst deactivation 9 (for CHa)
hydrocarbons yield (coke, sintering) 8 (for CH4 with
Biogas S High Ho/CO ratio High CO2 emissions CCUS)
ngas
SR Biomass yne suitable for H2 Water intensive 6 (for glycerol
] (H2/CO=3) . . L.
derivates production High H2/CO ratio is and other
(ie., less suitable for biomass
glycerol) chemical synthesis derivatives)
H20
Exothermic reaction | Explosion risk 9 (thermal
Grey (fossil Fast kinetics Pure Oz required process for
CH hydrocarbons, | Ideal H2/CO ratio Catalyst deactivation higher
4
Liauid no CCUS) for methanol (coke, sintering) hydrocarbons)
iqui
Syngas Blue (fossil synthesis CO: emissions 3-6
PO hydrocarbons o )
Bi (H2/CO=2) hydrocarbons, Selectivity difficult (thermocatalytic
iogas
o with CCUS) to control process for
2
Green methane)
(biogas, with
CCUS)
CH Utilization of CO2 Energy intensive
4
Direct application to | Catalyst deactivation
Liquid ) o
Syngas biogas (coke, sintering) 3-4
DR hydrocarbons
Bi (H2/CO=1) Ideal H2/CO ratio Interference of water
iogas
& for Fischer-Tropsch | gas shift reaction
CO2 .
synthesis
CHa4 Tunable H2/CO Energy intensive
R Liquid Syngas ratio Catalyst deactivation 34
hydrocarbons | (3>H2/CO>1) Reduced coke (coke, sintering) )
Biogas deposition
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CO2 Directly applicable
H>O to biogas
Reduced coke Catalyst deactivation
deposition (coke, sintering)
CHa4 Autothermal CO2 emissions
Liquid process Reactor thermal
ASR hydrocarbons | Syngas stresses due to 9
Biogas (3=2H2/C0O=2) subdivision in 8 (with CCUS)
O2 exothermic and
H20 endothermic reaction
zones
Pure O> required
Reduced coke Catalyst deactivation
deposition (coke, sintering)
CHa4
o Autothermal Reactor thermal
Liquid
process stresses due to
hydrocarbons | Syngas o
ADR i subdivision in 3-4
Biogas (2>H2/CO=1)
exothermic and
CO2 . .
endothermic reaction
O2
zones
Pure O> required
CH Tunable Ho/CO Catalyst deactivation
4
o ratio (coke, sintering)
Liquid .
Reduced coke CO2 emissions
hydrocarbons » )
i Syngas deposition Pure O> required
3R Biogas 3-4
(3>H2/CO=1) Autothermal
CO2
process
H20
Directly applicable
(6] .
to biogas
No catalyst High temperature
Pure Hz production | Coke deposition
TMD CH4 3.4
Value added coke
production
Lower operation Catalyst deactivation
temperature (coke deposition,
Turquoise compared to sintering)
TC-MD CHa4 Hydrogen (fossil CHa) thermal process 34
Carbon Green Pure H> production
(biomethane) | Value added coke
production
Pure Hz production | Low energy
TPD-MD CHs Value added coke efficiency 8
production
Pure Hz production | Reactor design not
NTPD-MD | CH4 2-3

optimized

39



Value added coke
production
Energy efficient

Low temperature

operation
Pure H production | Lack of efficient
Value added coke catalyst
NTPDC- production
CH4 2-3
MD Energy efficient
Low temperature
operation
o Only process to High cost
Brown (lignite )
treat solid fuels Low energy
coal, no o .
Valorization of efficiency
CCUS)
waste materials Complex gas
Black ) )
o Mature technology | purification
(bituminous . .
Water intensive
Coal ) coal, no ) 9
G ) Biogas (*) Inhomogeneity of )
Biomass CCUS) 8 (with CCUS)
feedstock
Blue (coal, )
) complicates
with CCUS) .
operation
Green
. Sensitivity to sulfur
(biomass, .
) and metallic
with CCUS) . .
impurities presence
Gasification in situ Environmental
avoids the release of | impacts potentially
solid and liquid caused by ground
Brown (lignite | waste subsidence
coal, no Coal can be Groundwater
Hz CCUS) converted without contamination
CH4 Black the need to mine it, Risk of syngas leaks
UCG Coal (6(0) (bituminous hard to mine (greenhouse 6
CO2 coal, no resources can be potential, toxicity
H20 CCUS) used and explosivity)
Blue (coal, Can be coupled with | Hard to monitor
with CCUS) CO:z2 geological Syngas composition
storage hard to control
Coal is non-
renewable
Mild operating Low yields
conditions Difficult reactor
Low COz emissions | design (for PF)
BF Biomass H> Green 3

Limited toxic waste
Can use waste

biomass as source

Inhibitions due to
volatile fatty acids
formation (for DF)
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Difficult selection of
bacterial strains
Difficult
optimization of

process conditions

H>
A-WE H20

(0))

H>
PEM-WE H20

Oz

H>
AEM-WE H20

O2
SOFC-WE | H20 Hz

Green
(renewable
energy)
Yellow
(conventional
energy grid)
Magenta/Pink
(nuclear

energy)

Low capital cost
High stability
Mature technology
Longer lifetime

No precious catalyst

Low current density
Corrosivity of
electrolyte

Gas permeation and

formation of

explosive mixtures 9
Slow Stop/go and
load cycling
Sensitivity to
impurities in the
water
High-voltage High cost of noble
efficiency material membrane
Capability to Low durability
operate under high Acidic medium
pressure Precious catalyst 9
High current density
High purity of
hydrogen
Quick response/start
time
Low Ohmic Limited efficiency
resistance (80%)
Good gas separation | High alkaline
High current density | degradation
Use of affordable Stability and
and abundant durability
materials issues
High performance
and adaptability to 6
different
loads
High gas purity
Significantly lower
material costs
Flexibility in terms
of loads driven and
places of use
Fast kinetics Limited durability 7-8
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(0)) High efficiency Bulky system design
Low minimum load | Limited production
Low-cost catalysts capacity
High efficiency High capital
Low operating costs | investment
Dual-Reversibility Only small-scale
(Electrolyzer/Fuel availability
Cell) High operating
temperature
Direct use of Low catalyst activity
renewable energy Slow kinetics
PC-WS H>O e Green with high efficiency | Most catalysts use 1-3
02 Low cost only UV-light
Size flexibility
No carbon dioxide Low rates
emission Low yields
BC-WD H20 Ha Green Mild reaction Light requirement 1-3
conditions complicates reactor
design
Theoretically the Very high
easiest design for temperature
water splitting operation
DWT H20 e Risk of explosion 1-3
02 due to H2-O2 mixture
Low energy
efficiency
Green Lower operation High operation
(renewable temperature temperature and poor
energy) compared to DWT energy efficiency
Red (nuclear H2-O2 mixture is (two-steps cycles)
energy) avoided Complexity of 2-4 (two-step
TRC.WS 1O Hz operation (multi step cycles)
(0)) cycles) 3-7 (multi-step
Degradation of cycles)
carrier materials
Need for solar
concentrator if solar
energy is used
Desulfurization of Catalyst stability
gas no longer Corrosion
required
H2SR CHs e / Abatement of toxic 6
H>S CS2

HeS
Production of value
added CS:2
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No COz formation

Easy to operate
Lower temperature

than water splitting

Low conversion
Sulphur poisoning

Product separation

H>
TC-H2SD HaS g

H>
EC-H2SD H2S

S

H>
PD-H>SD HaS S

H>
PC-H2SD HaS S

Abatement of toxic | Corrosion 4-5
H.S

No methane

required

Abatement of toxic | Sulphur passivation

HaS of anode in direct

No methane splitting

required Complex operation,

Ease of control intermediate reactant
Cost-effectiveness degradation and 3
Less energy corrosivity in indirect

intensive than WS splitting

No hydrogen-

oxygen gas mixture

Abatement of toxic | Complex reactor

HoS design

No methane Complex sulfur

required removal

Can bypass

thermodynamic 6
equilibrium

limitations on

conversion

Low temperature

operation

Direct use of Poor energy

renewable energy efficiency (gas phase

Abatement of toxic | process)

HoS Complex operation,

No methane corrosion (aqueous

required phase process)

No hydrogen- Lack of active 3

oxygen gas mixture

catalyst

Current catalysts
only use UV light
Photocorrosion of
catalyst

Sulphur recovery

43




Natural H»

White/Gold

Possibly renewable
High cost-
competitiveness
Extraction
technologies can be
readily adapted
from the oil and gas

sector

Uncertain total
availability and
renewability

Lack of reliable
methods for locating
hydrogen wells
Environmental

impacts of extraction

(*) Mixture of Ho, CH4, CO, CO», H,O
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1.2-Overcoming the limits of conventional syngas production by

reforming processes: the chemical looping approach

1.2.1-Chemical looping conversion of methane

Among the proposed technologies for improving conventional reforming processes for hydrogen and
syngas production, the chemical looping (CL) approach, which is schematized in Figure 8, appears
as particularly promising pathway; the approach is quite similar to TRC-WS processes discussed in
Section 1.1.2.3, and is in fact derived by them, particularly the two step processes: methane is
oxidized through reaction with an OC, generally a metal oxide, which is reduced in order to release
the oxygen required for reaction. The process thus produces a mixture of hydrogen, water, carbon

monoxide and carbon dioxide, with selectivity depending on process conditions and OC properties.

MeO, + 6CH, - MeO,_s + 6CO + 26H, R15
MeO, + 8CO - MeO,_5 + 6CO, R16
MeO, + §H, - MeO,_s + H,0 R17

The reduced carrier is then regenerated by reaction with an oxidizer. The CL approach can be applied
to all the conventional reforming processes: if oxygen is used as an oxidant (R18), chemical looping
partial oxidation (CLPO) or combustion (CLC) are obtained according to degree of hydrocarbon
oxidation reached; if water is the oxidant, a chemical looping steam reforming (CLSR) process is
obtained and its reduction produces extra hydrogen (reverse of reaction R17); on the other hand, if
CO; is used, the resulting process is chemical looping dry reforming (CLDR) and a stream of CO will
instead be formed (R19).

MeO,_5 + 50, - MeO, RIS

MeO,_s + 6C0O, - MeO, + 6CO R19
In the case of combustion/partial oxidation, the chemical looping approach thus allows to avoid
mixing oxygen directly with methane, avoiding formation of potentially explosive streams, and
allows for the use of air instead of pure oxygen, as the separation of reforming and regeneration steps
prevents the reforming products from being diluted by the regeneration gases, facilitating carbon
capture on the flue gas of CLC and purification of products in CLPO. In the case of CLSR and CLDR,
the extra currents of hydrogen and carbon monoxide produced during carrier regeneration can either
be mixed with the syngas previously produced to correct its H> to CO ratio or be used on their own

as chemical or energy production feedstocks.
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Figure 8: chemical looping processes for methane conversion: combustion (a); partial oxidation (b);
steam reforming (c); dry reforming (d).

Compared to the purely thermal decomposition of the carrier used in TRC-WS, the CL approach is
usually favored by the lower temperature required for the reduction of the carrier in presence of a
reducing agent such as methane, which makes the use of two step processes much more feasible while
also adding the opportunity to produce value added syngas to production of hydrogen by water.
Furthermore, when considering reforming processes, the CL approach has another essential
advantage compared to conventional designs, that is during the regeneration of the solid carrier, the
oxidant can also remove any coke that was formed during the methane oxidation step through either
its partial or complete combustion in the case of CLPO and CLC, through reverse Boudouard reaction
in the case of CLDR, or through water reduction in the case of CLSR, thus avoiding the prevalent
poisoning problem that badly affects catalyst activity in conventional SR and especially DR

processes.
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1 X
Cis) +502(g) = CO(g) AHo(298 K) = —110.53— R20

K]
Ces) + O2¢9) = COq(gy AH,(298 K) = —393.52— R21
k]

Cs) + COy(g) = 2C0(g) AH,(298 K) = +173— R22

_ K]
C(s) + HZO(g) - CO(g) + Hz(g) AH0(298 K) = +131.3m R23

Thanks to these advantages, chemical looping conversion of methane nowadays has been the subject
of considerable research interests. Chemical looping combustion has been the subject of extended
research since it first rose to interest in 1987 [316], currently standing at a TRL of 6, with a number
of pilot scale plants for the combustion of natural gas, solid and liquid fuels [317,318]. Chemical
looping approach to gasification (CLG) of coal and biomass has also attracted interest [319,320].
Most importantly, the chemical looping reforming of natural gas and biomethane for hydrogen and
syngas production has also been the subject of increasing research efforts, with some first attempts at
small scale pilot scale reactors showing promising results in terms of hydrogen yield and coke
resistance [321-323]. Techno-economics analysis of the CL reforming processes has shown that
while the prospected costs of hydrogen production at the current state of the art of the technology is
higher than for steam reforming, they can be compensated by the CL process achieving better
energetic performance and lower environmental impact, allowing the processes to compete especially
in the presence of incentives such as carbon tax on greenhouse gas emissions [324,325]. In the
following sections, two of the main aspects that are crucial to the development of chemical looping
processes will be extensively discussed, namely the selection of oxygen carrier selection and reactor

configuration.

1.2.2-Selection of oxygen carrier
The selection of a proper OC is perhaps the most important aspect to ensure selectivity of the reaction
towards either syngas production or complete combustion and the overall efficiency of the process.
The ideal properties for an oxygen carrier to be used in chemical looping processes can be
summarized as follows [326,327]:

- High selectivity towards the desired reaction (syngas production/total combustion).

- High fuel conversion.

- High oxygen exchange capacity, defined as the maximum quantity of oxygen that can be

reversibly exchanged during the redox cycle per mole or mass (kg or g) of material.
- Favorable reaction thermodynamics, allowing for low temperature and possibly isothermal

operation.
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- Fast reaction kinetics and complete regeneration upon exposure to air, water or carbon dioxide
current.

- Mechanical, thermal and chemical stability even after repeated redox cycles (no sintering, no
mechanical rupture due to drag or thermal stresses, no grain rupture due to phase changes or
chemical reaction, no irreversible formation of inert species). Mechanical stability is
especially important in fluidized bed applications.

- Coke resistance.

- Low cost (high availability, easy synthesis, no rare elements such as noble metals);

- Environmental friendliness and handling safety (no toxicity, no flammability).

Several different materials have been screened for use as OCs for both combustion and reforming
applications, with several comprehensive reviews available in literature for both reforming and
combustion processes [316,328,329]. The main typologies of oxides are briefly described in the
following, with a greater emphasis on cerium oxide OC, which is the main subject of study of the

experimental activity that will be presented in Chapter 3 of the first part of this elaborate.

Copper oxides

Copper oxides have been subject of interest for looping processes, but they are mostly selective
towards complete combustion rather than reforming, as they can undergo thermal reduction and
release oxygen in gaseous form at a much lower temperature compared to other carriers [330]. This
is advantageous for methane conversion, but their regeneration under isothermal operation of the
cycle is difficult, thus potentially requiring temperature swing operation. They are also limited by
their generally low melting point leading to fast sintering and deactivation, though adequate supports
may improve their stability. Overall, purely Cu based carriers are best suited for CLC rather than

reforming.

Ni oxides

NiO reduction to metallic Ni is mostly selective towards complete oxidation of methane rather than
formation of syngas. Nickel catalysts are abundantly used in conventional steam reforming process
thanks to the good activation of C-H bond leading to dissociative chemical adsorption of methane on
nickel surfaces [331]; this interaction also helps in the case of oxygen carriers, as the weakening of
the C-H bond allows for easier methane conversion, however it also leads to methane cracking
reaction and coke deposition, causing fast deactivation of the carrier [316], with high costs, poisoning

sensitivity and toxicity of the material also being obstacles to its implementation as oxygen carriers.
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Iron oxides

Iron oxides have been extensively studied for both CLC and CLR. While the reduction from the
completely oxidized state of Fe>Osz to Fe3sOs in presence of methane mostly results in complete
combustion, the subsequent reduction of Fe3O4 to FeO is mostly selective towards syngas production
[332]. Subsequent complete reduction of FeO to metallic Fe is also selective towards syngas
formation, though once the reduction extent is increased methane decomposition becomes instead
favored [333]. Iron oxides are promising in terms of environmental compatibility and low costs [316],
but are generally hindered by slow reaction kinetics and low methane conversion, as well as the fact
that regeneration of the oxygen carrier is thermodynamically limited to formation of Fe;O4 rather
than FeoO3; when using water or carbon dioxide stream for carrier regeneration [334], thus rendering
them unable to completely utilize their oxygen capacity unless regenerated in air or oxygen
atmosphere. Doping the oxide with transition metals such as Cu, Co, and Y has been shown to
increase oxygen mobility of the oxide at lower reaction temperature and form oxygen vacancies that

promote syngas production, at the cost of more complex synthesis and increased carrier price [335].

Perovskites

Perovskites are a broad family of mixed oxides with basic formula ABO3 [336], where A is the
primary alkaline, alkaline-earth or rare earth cation coordinated by 12 other atoms, B is a secondary
transition metal cation occupying face or body center sites in the crystal reticle. They are considered
some of the most promising oxygen carriers for loping processes, and in particular both CLC and
CLR, thanks to their customizability by apt substitution of B cations in the structure allowing to
modify chemical, thermal and mechanical stability, as well as control the selectivity and conversion
of the reaction through regulation of the release rate of lattice oxygen [337]; lanthanum-iron
perovskites in particular appear as the best option for reforming processes. Selectivity towards
complete or partial oxidation is determined by the availability of surface oxygen species [332], and it
can be further tuned by partial substitution of A and B sites with other cations [338], introducing
defects in the reticle. Care should be taken in the selection of A and B cations, in the cations used for
their substitution and their ratio, as in some cases improper substitution may lead to structural
instability, which leads to incomplete regeneration of the carrier and its decomposition into less active
mixed oxide species [339], as well as poor selectivity and oxygen exchange capacity. Overall, the
main limitations of perovskite are the upscaling of their complex preparation [340,341] (which
requires fine tuning of substituent cations and may require the use of expensive and potentially toxic
metal ions such as Ni as substituents [342]), limitations on oxygen exchange capacity when not

modified with oxygen rich oxides [343], their limited surface area [344] and slow reaction kinetics
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[345]. Some progress has been made in the synthesis of perovskite from waste materials [346], but

further investigation is still needed to obtain useful carriers for methane reforming.

Hexaaluminates

Hexaaluminates, hexagonal aluminate compounds with general formula ABxAli2.xO19 (Where A is a
large metal cation, while B is a transition or noble metal substituting Al sites), have recently received
notable interest for the development of catalysts [347], thanks to their high thermal stability, sintering
resistance and the possibility of their structure to include significant defects while remaining stable,
which provides reliable active centers for adsorption and catalysis. While stoichiometric
hexaaluminates show limited activity, substitution of Al with different B metal cations greatly
enhances their catalytic properties [348]. Like in the case of cation substituted perovskite, the addition
of dopants in the B position offers the possibility of tuning oxygen transfer when using
hexaaluminates as oxygen carriers [349]. Iron and nickel-substituted Ba, La and Ce hexaaluminates
in particular have demonstrated good activity for syngas production [350-352]. However,
hexaaluminates are negatively affected by their complex synthesis process, generally low surface area

and lower catalytic activity compared to other traditional materials such as perovskites [353].

Cerium dioxide

Cerium dioxide (Ce02), also known as ceria, has been consistently studied for its role as catalysts and
oxygen carriers [354], being characterized by its highly stable fluorite face centered cubic structure,
shown in Figure 9, which is be maintained even at high temperature and also when ceria is reduced

to greatly non-stoichiometric oxygen content (6 up to 0.5), according to the reaction:

CeOy(5) = CeOy_s(s) + goz(g) AHy (298 K) = +368.34% (complete reduction to Ce,03) R24
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Figure 9: the fluorite structure of cerium dioxide [354].

The great stability of the fluorite structure over a continuous range of reduced forms and the excellent
lattice oxygen mobility granted by it are the key to cerium oxide catalytic and oxygen storing
capabilities [355,356], with ceria based catalysts having been so far used in several fields: in
particular, CeO»-ZrO; solid solutions are the most common option for the Three way catalyst process
used for emission abatement in automotive transport, reducing nitrogen oxides to nitrogen while
oxidizing CO and unburned hydrocarbons into CO>. Ceria is also commonly used to facilitate soot
combustion in diesel engines. CeO»-based catalysts have been investigated for use in innovative
technologies such as fuel cells for power generation [355] and oxidative/non-oxidative coupling of
methane for C> hydrocarbon synthesis [357,358], as well as for other more conventional applications
such as the water-gas shift reaction [359,360], sulfur abatement from gaseous flows and hydrocarbon
dehydrogenation [361], wastewater treatments [362], biomass conversion [363], methane combustion
[364] and conventional PO [365-367], SR [368,369] and DR [369,370] processes for methane and
higher hydrocarbons. Most recently, ceria-based nanomaterials have also found use in biomedical
applications thanks to their antioxidant and anti-microbial activity [371,372].

Cerium dioxide is therefore a well-known material. Figure 10 reports the phase diagram for cerium
oxides as reported by Okamoto [373], evidencing the existence of the non-stoichiometric species in
between CeO, and reduced Ce;O3 and the homogeneity of their solid solution. The oxygen non-
stoichiometry manifests in the form of defects in the crystal lattice, particularly ionized oxygen
vacancies, which are present as single vacancies at low reduction extent or as dimers and trimers with

coupled with reduced Ce" cations for higher reduction [374]. In Kroger-Vink notation, we have:
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2Ced, + 0§ > 2Cef, + V5" +304(g) R25
Where Cef, and 0 are, respectively, the Ce*" cation and the O* anion of the oxidized CeO lattice,
while Ce(, and V" are the reduced Ce*" cation (electronic defect) and the positively charged oxygen
vacancy, respectively. The presence of surface oxygen vacancies and the diffusion of oxygen ions in
the crystal reticle play a crucial role in the reactivity of ceria as they affect adsorption of molecules
and rate of oxygen transfer [375,376]. As observed in Figure 10, cerium dioxide is also characterized

by a high melting point (=2200°C), which makes it resistant to sintering.
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Figure 10: phase diagram of cerium oxides in function of temperature and oxygen content [373]:
complete diagram (a); detail of the area in the red rectangle, atomic O content 55 to 70% (b). G=gas

phase, L=liquid phase.

Fast redox kinetics, good lattice oxygen diffusion and oxygen storage capacity and thermochemical
stability make cerium dioxide an ideal material for looping processes. Cerium is also the most
common of the rare-earth elements, with an availability that is comparable to copper, nickel and zinc

[377] and it is the easiest to extract from rare-earths rich bastnasite and monazite mixed minerals,
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being commonly recovered by solvent extraction [378]. Its abundance and comparatively easy
recovery maintain its price limited compared to not only other rare earths, but also to other
conventional metals used for catalytic applications. As seen in Figure 11, except for the 2011 spike
caused when China, one of the principal rare-earth exporters, implemented more stringent export
policy and significantly reduced the export quotas following disputes with Japan [379], the price of
cerium is expected to remain stable at least up to 2030 [380], remaining comparable if not lower than
the forecasted prices for nickel ($22,500-$23,500) and copper ($15,800) for the same time period
[381,382].
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Figure 11: historic and forecasted price of cerium for the years 2009-2030 [380].

In conventional reforming, cerium dioxide has been consistently tested as support for active metal
species such as Ni, particularly for the DR process, as the release of its mobile lattice oxygen species
allows for the oxidation of coke deposited on its surface, thus preventing catalyst deactivation [369]
and marking cerium oxides as coke resistant materials.

Cerium oxides were first considered as materials for the two-steps thermochemical looping water
splitting, their reduced form being able to be quickly and completely oxidized by water, splitting it

even at low temperature [383].
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Ce0,_s(s) + 8H, 05y = CeOy(s) + §Hygy AH(298 K) — 126.51% (regeneration Ce,05 to Ce0,) R26
Reduced cerium oxides have also been observed to be able to similarly split carbon dioxide [384],
therefore providing an interesting opportunity for carbon dioxide utilization.

Ce0,_s(s) + 8C 0,5y = CeOy(s) + 6COyy AHJogx = —85.4% (regeneration Ce,05 to Ce0,) R27
Unfortunately, to achieve pure thermal reduction of cerium dioxide, temperature above 2000 K is
needed to achieve complete cerium dioxide reduction to Ce>O3, which greatly limits the feasibility of
a purely thermal cycle using undoped cerium oxides as OC, particularly if the reaction heat has to be
provided through renewable sources such as solar energy, for which energy efficiency is still low
[385]. Lower reduction extents can be reached at lower temperature and still be used of effective
splitting, but this comes at cost of lower kinetics and incomplete utilization of the oxygen exchange
capacity of the material. However, thermodynamic simulations and experimental results have shown
that the presence of methane in chemical looping reforming allows to significantly lower the
temperature required for complete CeO; reduction compared to the pure thermal case [386,387], with
visible methane conversion and syngas production at temperature as low as 800°C, which are suitable
for isothermal operation of the redox cycle.

Ce0, + SCH, - 8CO + 28H, + Ce0,_5 AH3ogx = 332.3%(complete reduction to Ce,05) R28

Figure 12 synthetizes the looping cycle for a cerium dioxide oxygen carrier. Reaction 5 and 6 of
regeneration step correspond to CLSR, reactions 7 and 8 correspond to CLDR, reactions 9,10 and 11

correspond to CLPO.
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Figure 12: methane chemical looping reforming cycle for cerium dioxide oxygen carriers.

The use of ceria for methane chemical looping reforming was first studied in the works by Otsuka et
al. [386,388], where it was observed that the oxidation of methane is highly selective to production
of syngas, with very limited formation of CO2 and water at the start of reaction. The initial complete
combustion was attributed to the presence of highly available surface oxygen, which is then quickly
depleted leaving place to the diffusion-limited transfer of bulk oxygen species. Interestingly the
H»/CO ratio of the produced syngas remained stable to 2 for most of the reaction time, even when the
carrier was mixed with Pt, despite Pt commonly catalyzing the combustion reaction. Pt addition
significantly enhanced the kinetics of methane oxidation, while addition of Pd gave rise to significant
carbon deposition; on the other hand, addition of alkaline metals showed no effect on conversion.
When the carrier was regenerated in CO2, only 82% of the oxygen capacity could be recovered, and
the following reduction showed lessened carbon dioxide and water formation, likely demonstrating
that the weaker oxidizing strength of CO; did not allow for the recovery of the surface oxygen. Stable
operation cycles were observed for a range of temperature 873-1073 K.

Ceria was thus found to be a promising material for the chemical looping conversion of methane to
syngas and subsequently received great attention from the scientific community. For example, a
recent comparison between chemical looping steam reforming on cerium oxide oxygen carrier and

iron oxide carrier displayed cerium oxide superior performance as oxygen carrier, demonstrating
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higher stable syngas yields, faster kinetics and enhanced regeneration for the ceria carrier [334]. Table

2 reports a brief review of pure cerium dioxide oxygen carrier testing in literature.

Table 2: review of literature for CL reforming using pure CeO»; Oxi=oxidant used for regeneration;
n.a.=data not available, STP=standard temperature and pressure; TPR=temperature programmed

reduction; TPO= temperature programmed oxidation.

Source

Method

mceo.

®

D,
(um)

Preparation

Tro
(49

CH4
(%)

Qro
(L/min)

Tregen
°C)

Oxi

%Oxi

Qregen
(L/min)

[389]

TPR/TPO

0.30

n.a.

Cerium nitrate
precipitated with
NH4OH and
calcined at

1000°C

900

0.06

920

02

0.06

[390]

TPR

Tubular

reactor

1.00

<106

(coat)

Cerium nitrate
hexahydrate,
coating
precipitated over
ZrO; support
(10% Ce02/Zr0O),
then grounded,
sieved and
calcined at

899.85°C

799.85
to

899.85

30
()

799.85

H0

27

37
()

[391]

Quartz
tubular

reactor

20

40
(mesh)

Cerium nitrate
hexahydrate,
precipitation, then
grounded and
calcined. Calcined

at 800°C

850

16.67

0.06
(%)

700

H0

H20
0.18

(***)

[392]

TPR/TPO

40

75

Cerium nitrate
hexahydrate
precipitated with
NH4OH, with and
without CTAB
and H»O; addition,
calcined at 500°C
or 900°C

900

800

[393]

TPR/TPO

0.02

40

75

Cerium nitrate
hexahydrate
hydrothermal
preparation with
polyethylen glycol
(PEG) and
hexamethylenetetr
amine (HMTA),
calcined at 500°C

Cerium nitrate
hexahydrate
microwave
assisted
hydrothermal

preparation with

900

800

02
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PEG and HMTA,
calcined at 500°C

40

[394]

Solar

reactor

40

75

Commercial
cerium dioxide
powder as
purchased,
calcined at
1000°C
Cerium nitrate
hexahydrate:
-hydrothermal
templating with
glucose, calcined
at 1000°C
-self-assembled
with surfactant
Pluronic P123 and
calcined at
1000°C

1000

40

1000

CO2

[395]

Tubular
reactor, IR

heating

0.005

0.063

Cerium acetate
hydrate, flame

made preparation

Cerium nitrate,
synthesis of
flower like
nanoparticles,
calcined at
599.85°C in Na,
399.85°C in air

Cerium nitrate
hexahydrate
Sol-gel Pechini's
method, calcined

at 399.85°C

Commercial
cerium dioxide
powder, powder

as purchased

899.85

899.85

CO2

[396]

Solar
moving
particle

reactor

0.1

to

g
0.6—
s

40

Commercial
cerium dioxide
powder, powder

as acquired

1100
to
1350

to

)

n.a.

n.a.

n.a.

n.a.

[397]

Tubular
reactor, IR

heating

0.250
(£0.005)

Nanoparticle

Cerium nitrate
hexahydrate,
precipitation and
formation of
nanoparticles.
Calcined at
899.85°C

899.85

0.25

899.85

CO2
H>O

CO2
4%
Water

(****)
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[398]

Solar
reactor,

fixed bed

300

350

500

1400

Commercial
cerium dioxide
powder calcined at
1200°C then

ground and sieved

790
to

1170

790
to

1170

CO2

75.02

[399]

Solar
reactor,

fixed bed

17.02

27.98

Commercial
cerium dioxide
powder:
- porous foam
formation with
solid carbon
particles, (pore
former) and
organic
polyurethane
template. First
calcination at
1000°C, second
calcination at
1400°C
-porous foam
formation with
solid carbon
particles, (pore
former) and
organic
polyurethane
template. calcined
at 1000°C
-powder as
acquired mixed
with ALO; (size
1.2 mm),
calcination at
1000°C only for
AlLO;. Mass ratio
ALO3/Ce0=2.2
-powder as

acquired

900
to

1050

8.33

16.67

23
to

2.6
()

900
to

1050

H.O
CO2

H.0
200
(*****)
CO2
0.2

")

to
22
(**)

[400]

Solar
tubular
reactor,

fixed bed

17.01

18.37

n.a.

Commercial
cerium dioxide
powder:
-powder as
purchased
-porous foam

formation

950
to

1050

50

0.4
(%)

1000

H0

55

H.0
200
(*****)
Ar
0.2
(**)

[401]

Solar
monolithic

reactor

18.37

Porous

monolith

Polymer

templating

950
to

1050

0.5

0.4
(**)

950
to

1050

H.O

55

Ar

0.2
)
H0
200

(*****)

[402]

Alumina
tubular

reactor

32

Commercial
cerium dioxide
powder, sample

crushed and

900
to

1100

20

50

0.12
(")

1100

CO2

50

0.120
(")
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sieved to desired

granulometry

[403] Tubular n.a. Nanoparticle Cerium nitrate 900 8 0.25 900 CO2 CO2 0.25

reactor, IR hexahydrate, H.O 4%
heating precipitation and Water
formation of (kAE)

nanoparticles.

Calcined at 900°C

[404] TPR/TPO 5 200 Commercial 940 4 28.8 940 02 21 28.8
Fluidized to cerium dioxide to (Pkkrkok) (k)
bed reactor 400 powder, and 8

commercial
cerium dioxide
powder mixed
with 30% wt.
Al03; samples
pressed and
crushed, calcined

at 900 or 1200°C

(*) cm®/min (STP); (**) NL/min; (***) g/min; (****) bubbled in 30 mL/min Ar and diluted with 220

mL/min Ar; (¥****) mg/min; (******) bubbled at 95°C; (******) fluidization velocity in cm/s

While addition of noble metals such as Pt or Ru may enhance methane conversion at lower reaction
temperature [386,405], their high costs and limited availability pose a significant limit to their use in
commercial oxygen carriers. Transition metals are therefore often chosen as cheaper alternatives.
Mixture of ceria with iron oxides [406,407], cobalt [408,409] and nickel [410,411] have all been
tested for methane reforming reactions. While the addition of iron oxides has been shown to lower
the selectivity of reaction towards dry reforming and negatively affects process kinetics, Co and Ni
addition have both showed enhanced conversion of methane and syngas production, with Ni catalysts
being more active and leading to higher methane conversion, but also higher coke deposition [412].
On the other hand, the addition of metals to the carrier and the use of more complex preparation
methodologies all contribute to increase the cost of the material, can be negatively affected by
sintering, and, in nickel case, it provides an additional source of concern for safety and environmental
sustainability due to the toxicity of nickel [413], particularly when considering the disposal of spent
oxygen carrier. Thus, the use of pure cerium dioxide, possibly associated with adequate supports, still
merits interest. Pure cerium dioxide lower activity compared to metal loaded carriers may be
compensated by optimization of reaction conditions such as process temperature, carrier structure and
selection of adequate process times for the reforming and regeneration steps, as well as control of the
methane and oxidant flowrates and the maximum carrier reduction extent reached. For example,
Warren et al. determined that methane conversion and syngas yield significantly increase at higher
operating temperature, typical of endothermic reactions, but that methane residence time also

significantly affecting reaction selectivity, with long residence times leading to increased incidence
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of total combustion on reaction products [398]. Excessively high methane flowrates on the other hand
can cause carbon deposition to prevail, due to kinetic limitations in oxygen transport [399,402].
Previous literature suggests a very small reduction extent is required to avoid deposition of carbon,
but this leads to poor utilization of the total oxygen capacity. Investigation of optimization of process

conditions is thus a primary aspect of the development of the chemical looping process.

1.2.3-Looping configuration: fixed vs fluidized bed
The chemical looping approach, both for combustion and reforming, can be performed either in fixed
bed or fluidized bed configuration, with both approaches having their strengths and drawbacks. Figure

13 illustrates the differences between these operating regimes.

Minimum Smooth Bubbling
fluidization fluidization fluidization

Bubbling,
turbulent
or fluid bed

Fast
fluidized
bed

Gas or lquid Gas or liquid Liquid
(low velocity)

Slugging Slugging Turbulent Lean phase
(Axial slugs) (Flat slugs) fluidization fluidization

[ . with pneumatic
. transport

Fairly high Very high
gas velocity gas velacity

Gas or liquid
(high velocity)

(b)

Figure 13: fixed and fluidized bed operating regimes [414]: fixed bed and non-entrainment
fluidization (a); circulating fluidized beds (b).

1.2.3.1-Fixed bed

Fixed bed operation, sometimes referred to as gas-switch process [415], is the simplest from a
conceptual point of view, and the easier to scale up, particularly in the case of pressurized systems
[416]. It is achieved simply by alternating the methane feed and the regeneration feed to the reactor,
and continuous operation can be achieved by having multiple reactors working in parallel with

alternated reaction steps: when one reactor is in regeneration, another is oxidizing methane and then
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they switch operation. The great advantage of this configuration is that it does not require any extra
energy or complex design for solid movement and can allow very good thermal integration between
the endothermic partial oxidation and the generally exothermic carrier regeneration step [417]. The
heat accumulated in the solid carrier during regeneration is used to fuel the following partial oxidation
step. Also, in a fixed bed, the carrier undergoes very limited drag forces, therefore the risk of carrier
degradation due to attrition, causing particle grinding into dust, is very limited under normal operating
conditions [418]. Finally, the fixed bed configuration also does not require the addition of equipment
for gas-solid separation such as cyclones. On the other hand, operating with a gas switching process
requires the use of an expensive high temperature valve apparatus for fast switching of gas currents
is needed [419], which is particularly difficult to operate reliably. Furthermore, in the fixed bed
approach the contact between the reactive gas phase and the solid carrier is intrinsically limited:
contact can only happen on the solid surface area, which is limited by geometry and porosity, and the
gas can form preferential pathways and not come into contact at all with most of the carrier before
exiting the reactor. Heat transfer to and from the reactor are also limited by the convective transport
in the solid and undesired temperature gradients can be easily formed [417,420], particularly in the
presence of highly endothermic and exothermic reactions. Sintering and surface area reduction of
particles is also favored, as they are strongly in contact with each other for the whole length of the
high temperature process. Finally, as continuous operation requires alternated switch of the reactor
between partial oxidation and carrier regeneration step, cross contamination in the product gases is
also possible, with residual products of the previous step being still present in reactor outlet at the
start of the new step [416], and even in the case were introduction of a purge gas current flowed into
the reactors between each step is used to prevent this contamination, residual purge would still cause

initial product gas dilution at the start of the following step.

1.2.3.2-Fluidized bed

Fluidized beds have long been introduced in the field of combustion since its first appearance in the
1970s [421]. According to the gas feed velocity, fluidized beds can be operated under different
regimes [422], from the simple bubbling bed fluidization, in which the gas keeps the solids suspended
by opposing their weight and forms bubbles, but does not transport the solid outside the reactor, to
the more complex circulating beds, where the solid is completely entrained by the gas flow, to be
then intercepted at reactor outlet and returned to the reactor (see Figure 13b).

Generally, fluidized beds are able to provide a more intimate contact between gas and solid phases
[423], allowing for improved heat and mass transfer and avoiding formation of preferential pathways
and dead zones where contact between phases is absent. The constant movement of the solid particles
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also helps to prevent their aggregation. On the other hand, in a fluidized bed the problem of drag
resistance of the OC becomes a crucial matter [424], as the constant movement of the particles can
lead easily to their grinding and subsequent loss as the powder is entrained away by the gas; OC for
fluidized bed applications therefore need much higher mechanical resistance than those destined to
fixed bed utilization. The gas-switch approach discussed for fixed beds has also been applied to CLR
in fluidized beds with promising results [425,426], but the same observations on the need of high
temperature valves and potential gas mixing during step changes still hold true. Another alternative
is the coupling of two circulating fluidized bed reactors, with the solid being continuously transferred
from one reactor to the other, with one reactor carrying out the reforming reaction and the other
regenerating the carrier. This approach was one of the first proposed and the most studied for chemical
looping, as it allows for the physical separation of the partial oxidation and regeneration reactions,
reducing the possibility of product gases mixing between the two phases and also allowing the two
reactions to hypothetically operate at different temperatures in a completely continuous process which
does not require alternating flowrates. However, the complex circulation system for the solids is
difficult to operate and scale up [427]: the two reactor beds need to be pressurized separately, and
any pressure imbalance that may occur between the two can lead to insufficient solid circulation if
not complete clogging of the solid transport [428]. The possibility of having gas leaks in the
circulation system is also still present, and the movement of solids is energy intensive. Finally, it is
difficult to optimize the heat insulation of the transfer system to achieve thermal integration of the

process, which can lead to lower overall energetic efficiency.

1.2.4-Final remarks on chemical looping reforming

The CL approach offers great opportunities for achieving more sustainable and cost-effective
reforming technologies. Multiple technoeconomic analysis of the process with various oxygen carrier
have consistently shown CL capacity of obtaining hydrogen and syngas production at costs
competitive with conventional SR, at higher energetic efficiency and lower carbon footprint [429—
433], and its ability to realize technically feasible dry reforming for CO, utilization [434,435].
Among the various tested OC, cerium dioxide, perovskite and hexaaluminates appear as the most
promising choices for the production of hydrogen and syngas, with ceria providing advantages in
terms of simplified synthesis. While the traditional circulating fluidized bed approach for chemical
looping processes difficulties in scale up, these complications may be successfully overcome by
operation in fixed or fluidized bed gas-switch configuration. A crucial aspect of development of CL
processes is the optimization of reaction conditions, with reaction selectivity depending strongly on
process temperature and OC reduction extent. Information on optimized reaction conditions is still
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lacking in literature. Novel development of non-toxic OC and OC based on widely available natural
materials and wastes would be beneficial to the development of sustainable processes. Finally, despite
cerium dioxide being considered one of the most promising materials for syngas CL production, most
of the literature presents data obtained only on limited quantities of OC. As such, the experimental
activity that will be discussed in this thesis proposes investigating more in depth the activity of cerium
dioxide for CLPO and CLDR processes. Natural chromite minerals, CuO-CeO2 and CeO2-Al2O;
mixtures are also investigated for reforming activity. Furthermore, development of process simulation
for CL processes can provide useful data for optimization of reaction conditions, but so far, simulation
efforts for these processes, and particularly for cerium dioxide oxygen carriers, have been limited in

literature.
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1.3-Experimental evaluation of chemical looping partial oxidation and
dry reforming fixed bed reactor with focus on cerium dioxide oxygen

carrier in and modelling activity

1.3.1-Scope of the activity

Cerium dioxide is considered one of the most promising OC for CL reforming processes of methane,
particularly CLDR. Obtaining a clear understanding of optimal reaction conditions for CL process
using ceria oxygen carrier is essential to be able to develop industrially viable processes. It has been
shown in previous literature that both reaction temperature and carrier reduction extent are essential
parameters in the control of reaction selectivity, but studies detailing optimal cerium dioxide
conversion have been limited. Studies have focused on a temperature range for reaction between 700
and 1300°C and mainly on steam reforming rather than CLDR (see Table 2 of Section 1.2.2), testing
limited quantities of cerium dioxide. Further testing of cerium dioxide using greater mass of OC and
development of simulations for the chemical looping process are essential for the optimization of CL
operation. The use of supports and mixed oxides has also shown success in increasing syngas yield
and carrier activity. The addition of metal species and mixed oxides might improve cerium activity.
Nickel has been observed to improve cerium dioxide activity in methane splitting, increasing methane
conversion and hydrogen production but also increasing the influence of coke deposition on the
reaction. Furthermore, the cost and toxicity of nickel would suggest the need to find alternatives to
increase methane activation. On the other hand, copper oxide has been commonly tested as a catalyst
for complete combustion, but it is not clear whether it would be possible for mixed copper oxide and
ceria to be used also for reforming applications. For example, Wang et al. [436] demonstrated the
synthesis of CuO-CeO»-ZrO; mixture selective for methane reforming. Addition of alumina has also
been shown to increase ceria activity [404], with 30% wt. alumina-ceria mixture appearing to offer
increased reaction yields compared to pure ceria, but stability of this mixed carrier has not been
clearly tested. Thus, stability, activity and selectivity of cerium dioxide-CuO mixture and CeO»-Al>0O3
mixture have been investigated.

Iron oxides have also shown activity for CLR, and the utilization of naturally available materials as
OCs could lead to a remarkable reduction in production costs. Chromite is a natural mixture of mostly
chromium and iron oxide, as well as other species such as magnesium, alumina and silica [437],
commonly used as industrial source of Cr [438] and as foundry sand in metallurgy [439], thanks to
its high refractory properties. As a catalyst, chromite and metal-chromite have been found useful for

CO oxidation [439], hydrogenation reactions [440,441] and hydrocarbon combustion [442,443] and
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have been observed in nature to contribute to abiotic methane formation [444]. While laterite ores
obtained from chromite mine wastes have been observed to be active as oxygen carriers [445,446],
the activity of the parent mineral has not been tested in literature thus far. Given the significant
presence of iron oxides species in low grade chromite sand, it might be expected that these materials
would be able to provide methane conversion in chemical looping operation.

Therefore, in the present thesis the optimization of chemical looping methane reforming using various
oxygen carriers is investigated. Namely, the following points are addressed:

e The activity of cerium dioxide based carriers has been assessed. Pure cerium dioxide, copper-
cerium oxides mixture and cerium-alumina mixture are tested for methane conversion, syngas
yields, selectivity and coke deposition.

e Activity of natural chromite ore as oxygen carrier is assessed.

e Optimal reaction times for the chemical looping process are investigated in bench scale reactor
tests. The trade-off between methane conversion, OC conversion, reaction yield and
selectivity is analyzed in function of reaction conditions.

e Regenerability of the carrier in both oxygen and carbon dioxide is investigated.

e A first attempt at modelling the reaction process using kinetic data available in literature is
performed.

Following up on these activities, future developments will further address process optimization. Other
novel carriers will need to be addressed, as well as further optimization of cerium dioxide based
carriers to obtain nickel free active materials for the methane reforming reaction, and detailed kinetic

data will be obtained to develop complete numerical models for process optimization.

1.3.2-Materials and methods
1.3.2.1-Material preparation

Redox tests have been performed on four different types of OCs, being natural chromite sand
(Cromitec 400, hereafter defined Chro), commercial CeO: (PI-KEM, Tamworth, UK, purity 99.9%),
Ce07-Al203 mixture (30% wt. in ALO3;, KMS96, Martinswerk GmbH, Bergheim, Germany) and
Ce0,/CuO (50% mol in CuO, Merck, Darmstadt, Germany) granules. Chromite sand was tested
without previous aggregation, as it already displayed high granule dimensions, while the other
samples were prepared from fine powders by uniaxially pressing the powder into pellets and then
crushing and sieving them to the desired granulometry. Its composition as reported from the producer
is reported in Table 3.

CeO; samples were prepared by pressing them at either 90 or 250 MPa. The Ce0;-Al,O3 sample was

prepared by pressing at 250 MPa carefully mechanically mixed CeO> and Al,O3 powder, while the
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Ce0;-CuO sample was obtained by mixing the two oxides in a 50% mol ratio and then pressing them
at 90 MPa. All CeO; based samples were crushed and sieved to a granulometry of 0.595 to 0.841
mm. The obtained granules were then calcined in air at 900 °C for 1 h (heating rate of 3 °C/min
starting from room temperature). The obtained samples were characterized by X-ray powder
diffractometry (XRD) in a Bruker D8 Advance (Bruker—Karlsruhe, Karlsruhe, Germany, D)

diffractometer.

Table 3: reported composition of chromite sand.

Species % wt.
Cr203 47
FeO 26
Al,O3 15
MgO 10
Si02 1

1.3.2.2-Thermogravimetric Analysis (TGA)

CeO» redox behavior was first investigated on a STA 449 C Jupiter thermogravimetric balance
(NETZSCH, Selb, Germany). CeO> reduction was performed in 4% vol. CHs in Ar, at a flow rate of
180 mL/min, while an air flow rate of 100 mL/min was used to regenerate the carrier. Around ~80
mg of CeO; were studied in each test. Samples were preheated in pure Ar flowrate before reaction,
with a ramp of 30 °C/min. Carrier reduction step length of 40 min and carrier regeneration of 15 min
were repeated over each sample. For the first set of tests, variable reduction temperatures within the
range of 900-1000 °C were investigated, while keeping the oxidation temperature constant at 900°C;
then, variable oxidation temperatures within a range of 400-900 °C were investigated, keeping
reduction temperature at 900 °C. Elaboration of TGA curves was produced through NETZSCH
Proteus software (Version 6.1.0), with the results obtained as mass variations in the functions of time
and temperature. These tests offered the opportunity to pre-screen cerium dioxide activity before
proceeding with the looping tests in the tubular reactor. The other samples were not tested in TGA
due to unavailability of the instrument after the tests on pure cerium dioxide were completed, for

those materials the screening of reaction temperature was performed directly into the tubular reactor.
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1.3.2.3-Chemical Looping Tests

Figure 14 displays the experimental apparatus used to perform the chemical looping reaction tests.
Three flowmeters (Bronkhorst) provided the required flowrate of reactant gases, alternating each
reaction step with a purge in pure No. This gas switch operation with nitrogen purge ensured that no
gas from the partial oxidation of methane remained in the reactor during OC regeneration and vice

versa.

0,/CO, I OC FILLING
FEED @ D GLASS

i

GAS ANALYSER

BYPASS FOR
FEED ANALYSIS ——

Figure 14: experimental setup for chemical looping tests. TI=Temperature Indicator, FC=
Flowmeter.

The composition of the outgoing gases was measured continuously through an online syngas analyzer
(GEIT 3100 P+ Syngas) with a thermal conductivity detector, an infrared detector, and an
electrochemical oxygen sensor. Initially, an AISI-316 stainless steel reactor (internal diameter ID=10
mm) in fixed bed configuration was considered for the reaction, but after enough cycles it showed
significant oxidation and degradation of the reactor walls, so it was substituted with a quartz reactor
with the same internal diameter and a porous sect for gas distribution, as pictured in the figure. To
provide the required reaction heat for the endothermic reforming reactions, the reactor was enclosed
within a tubular electric furnace and thermal insulation was ensured by placement of layers of quartz
wool. A cap of quartz wool was also used to avoid entrainment of the carrier outside the reactor. A
K-type thermocouple was inserted from the top on the external wall of the reactor to monitor the wall
temperature near the bed. Initially, the thermocouple was tested to be placed directly at the center of
the reactor, but exposure of the thermocouple to reactive environment risked it to incur into damage,
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so it was moved to the reactor wall. The catalyst was placed in the reactor at a height ensuring that it
was at the center of the furnace. In a typical experiment, a 7 cm height OC carrier layer was placed
in the reactor, which for CeO; consisted of about ~15 g of material. Blank test runs, for which the
OC bed was replaced with an analogous volume of inert quartzite filling, were performed in methane,
CO, CO2 and H» feed (diluted in nitrogen) to assess the inertness of the reactor walls and to determine
the delay time in the gas analyzer response to changes in concentrations, which were then used to
correct the results during data elaboration.

Reduction steps were carried out in a flowrate of 1 NL/min of CH4 at 10, 15 and 20 %vol. in N2. On
the other hand, regeneration was carried out either in Oz at 1, 3 or 5 NL/min) with different O,
contents (3, 5, and 21 vol.% in N2) or in 1 NL/min flowrate of CO2 at 15%vol. in N,. Reaction
temperatures between 800 and 950°C were tested for the various oxygen carriers. Finally, the surface
of the carriers before and after the redox cycles was examined under scanning electron microscopy
(SEM, Field Emission GUN-FEG MIRA 3 XMU and Zeiss SIGMA, Carl Zeiss Microscopy GmbH,

Jena, Germany, D) to inspect structural changes linked to the reaction cycles.

1.3.2.4-Numerical elaboration of data

The estimated oxygen availability of each carrier was estimated according to their expected maximum
reduction, evaluated through thermodynamic simulation. For cerium dioxide in the presence of
methane, the maximum expected reduction is to Ce203, Fe2O3 content in chromite is expected to be
reduced to FeO and CuO is reduced to metallic copper. Al2O3 and Cr species are instead expected to

remain inert. This results in the following formula for oxygen capacities of the oxides:

CeOy _ 1 Mceo, (1)
02 4 Mceo,
Chromite _ 1 Mchromite'@Fe0
qOZ - Z ) M (2)
FeO
cuo _ 1 Mcuo
o, =3 W 3)
Ccuo

Thermogravimetric data for cerium dioxide redox cycles was elaborated to obtain the reaction rates
at different temperatures. The instantaneous reaction rates of partial oxidation and carrier regeneration
between time t; and t» were calculated from the time required to achieve the maximum carrier

conversion:;

2 .1
Ratero = (ze=eish @

2 .1
RateREG — |(wREG wREG)l (5)

(tkec—tkec)
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where o' and »” are the initial and final weight of the sample, expressed as weight percentage on the
total sample weight. The oxygen non-stoichiometry of ceria was calculated considering that the loss
in mass corresponded to the release of an equal mass of oxygen by the oxide, with complete reduction
to Ce203 leading to a weight loss of 4.65%.

For looping tests in the tubular reactor, methane conversion and reaction yields were obtained from
elaboration of the concentration profiles measure at reactor outlet, solving the mass balances
according to the feed composition. The moles of reactant consumed and product generated in the
reaction step (ngen) were calculated from the inlet and outlet gas concentration assuming ideal

behavior of the gas stream and considering nitrogen as inert for the purpose of the mass balance

solution.
v
Nout = Nin ;\7’12 (©)
out
: tr. 1 . i
nfgen(t) = fto(nin ) Yiln — Nout * Y(l)ut)dt )

Where n represents the flowrate and y is the molar fraction. Subscript in and out denote the inlet and
outlet streams, respectively, while superscript i denotes the reactant/product species (CH4, CO, CO»,
H>). H>O could not be directly detected by the gas analyzer, so its total produced amount was obtained

from the total hydrogen balance.

H,0 CH, H,
Ngen = 4- Ngen — 2 Ngen (8)

Carbon mass balance instead was used to determine the amount of coke deposited during the partial

oxidation step (ngen‘ po) and the one removed during regeneration of the carrier (ngen’ rEG)> With the

amount of caron accumulated in the cycle (nS,.) being calculated as their difference:

c _ ,CHy _ _CO _ .,C02

ngen,PO - ngen,PO ngen,PO ngen,PO (9)
C — ,CO €O,

ngen,REG - ngen,REG + ngen,REG (10)
c _ .,,C C

Nacc = Ngen,po — Ngen,REG (11)

From the amount of deposited coke during partial oxidation, the amount of hydrogen produced by
methane cracking instead of methane partial oxidation (n?z) was estimated as:

H
n’ = 21 o (12)
Instantaneous rates of formation/consumption of each species were determined as the derivative over
time of the amount produced, approximated by the difference quotient:

dné]en (nzen(t+At)_n2en(t))

ae = 5 (13)

The average reduction extent of the bed (d, bed oxygen non-stoichiometry) and the oxygen carrier

conversion during partial oxidation (y52) can be calculated as:
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5= (ngé’n,po+2-n§f€,po+ng§3po) (14)
ocC
252 =="—-100 (15)

max

Where Omax 1s the maximum reduction extent that the carrier can thermodynamically reach in the
reaction conditions. On the other hand, for the conversion of the oxygen carrier during the
regeneration step (Y3£%) we consider the amount of moles of oxidant consumed, subtracting the
contribution of coke oxidation, compared to the moles of oxygen released during the previous partial

oxidation step to assess the percentage of oxygen reintegrated into the carrier:

o _nCo _n€02
REG __ '"9gen,REG "“gen,REG™ "“gen,REG - 100 16
Xoc = —co CO3 H20 (16)
ngen,PO+2'ngen,P0+ngen,PO

Finally, methane conversion, oxidant conversion and reaction selectivity are calculated as:

CHy

n en,
ngu = gCHfO -100 (17)
in,PO
REG ngé(n,Po
Xox = —ox— 100 (18)
NinREG
fti) n;.,]endt
T S 00 19

Where ni» denotes the total moles of reactant fed to the reactor during the respective reaction steps.

1.3.2.5-Mathematical model and simulation of the chemical looping process

Numerical simulations offer great opportunity to optimize processes without the need of performing
repeated expensive and time-consuming experiments. Several numerical studies are available for
numerical modeling of methane combustion and reforming in chemical looping configuration, but no
modeling studies have considered pure cerium dioxide as oxygen carrier yet. Information on the
reforming mechanism of cerium dioxide in literature is still lacking. The most complete reaction
mechanism has been proposed by Zhenlong Zhao [447]. In Kroger-Vink notation, the proposed model

reports the following reactions as the kinetically relevant steps for methane reforming on ceria

surface:

CH,(g) + 6Ce}, + 505 — 6Ce;, + 40H}, + V5" + CO(g) R29
20H;, + 2Cel, 2 20X + 2CeX, + Hy(g) R30
CH,(g) +V5* +4Cec, — Cp'" +4Cel, + 2H,(g) R31
Cl + 6CeX, + 0% - 2V3" + 6Cel, + CO(g) R32
H,0(g) + V§" + 0% 2 20H,, R33
CO,(g)+ V5 + 05 2(Coz)y R34
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(CO3)p + 2Cep, 2 2Cel,+ 205 + CO(g) R35
V5 (b) — 03(b) — 2Cef,(b) + 2Cec,(b) 2 V5 (s) — 05(s) — 2Cel.(s) + 2Ce(.(s) R36
Methane can be activated on cerium surface according to two different mechanisms: R29 is prevalent
on oxidized ceria surface, whereas R31 reaction occurs on partially reduced surface. Both reactions
are considered irreversible. Reaction R30 leads to the production of hydrogen from surface hydroxyls
species and occurs both during partial oxidation step, forming hydrogen from the hydroxyls formed
by methane splitting, and during regeneration of the OC in water. Reaction R32 denotes the
consumption of deposited coke on ceria surface with formation of carbon monoxide. Reaction R33
and R34 are the adsorption of water and CO» on reduced ceria surface, which represent the first step
of carrier regeneration in presence of those oxidants, and reaction R35 represents the dissociation of
carbonate species adsorbed on ceria surface to form CO. Reverse reactions of R33, R34 and R35 are
the ones involved in the complete combustion of CHs4 on ceria surface, forming CO> and H>O.
Reaction R36 represents the diffusive transfer of defects, namely oxygen vacancies, from the bulk (b)
to the surface (s) of the oxide and vice versa. Reaction kinetics are presented according to the law of

mass action and Arrhenius type equations, in function of the normalized surface concentrations of

intermediates:
—F2?
Ty = kSo- € R - Pry, - [Ce,]¢ - [0F]2 20)
—Eio’f _Ego,b
130 = k3op - e RT - [OHp)3 - [Cecell — k3op - € BT - Py, - [05]% - [Cefe]? 21)
_g31
31 = k3p - e RT - Pey, - [V5'ls - [05]s (22)
_E3?
rs; =k - e F - [CF] - [08]s - [Ce& 18 (23)
_Ezg_f _Egz,b
T33 = k393,f e RT - Py,o - [V5'ls - [0g]s — kg3,b e R’ - [OHp 3 (24)
_EZ4_f —EZ“’
T34 = k394,f e RT Pco, - [Vo'ls - [05]s — kg4,b e ’r - [(CO3)5]s (25)
35S -g35P
r3s = k95 ;- e kT - [(COF)s - [Cegel? — kS5 - € BT - Peg - [031% - [Ce, 1 (26)

For reaction R36, instead of presenting reaction kinetics the model assumes that the reaction is
constantly at equilibrium, thus oxygen transfer in the ceria reticle is considered non limiting to process

kinetics:

2
S

vels+lcetel, [03],*lcedl, _ p(_AH_T )
[0g] <[ceZ].  [ve,<lcete], RT

(27)
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With AH=-107.6 kJ/mol and AS=-54 J/(mol-K). To close the system of equations, the author
considered the balances of charge, cerium sites and oxygen sites for both the surface and the bulk of

cerium dioxide:

[Cecels + [Celels =1 (28)
[V5'ls + [05]s + [0Hp]s + [Cols + [(CO3)5]s = 2 (29)
2[V5"]s + 2[0Hg]s + 2[(COs)5 ]s = [Cecels + 2[Co]s (30)
[Cecely + [Cecelp =1 (3D
Vo'lp + 1051, = 2 (32)
2[V5°]p = [Cecely 33)

The differential equations of the model thus become:

d (pCeVpart[Vé.]b)

dt = Spart * Pce,s (rz9 =731+ 2 - T35 — T35 — T34) (34)
Pce,s d[odh:b]s = Pre,s - (T2g — T30 + T33) (35)
Pce,s % = Pre,s * (131 — T32) (36)
Pce,s d[(%:)g]s = Pce,s (T34 — T35) (37)

Where Vpar is the particle volume, Spar is the particle surface area, pce is the bulk density of cerium
dioxide in mol/m® and pces is the surface density in mol/m?. The author fitted the model on
experimental data to obtain the kinetic constants and activation energies for all reactions, which are
summarized in Table 4.

While this represents the most detailed model for the redox of cerium dioxide in presence of methane,
no attempts of implementing it for process simulation were found in the literature. Furthermore, Zhao
does not provide any value for the reaction enthalpies, which are necessary for non-isothermal
modeling of the process. Enthalpy data availability in literature is rather spotty for the elementary

steps presented. Table 4 also reports the available thermodynamic data for the reactions.

Table 4: kinetic constants, activation energies and enthalpy for the numerical model.

ko (s}) Ea (kJ/kmol) AHg (MJ/kmol) Source for AHgr
R29 790 104000 -117.152 [448]
f 1.5-10% 190000 +92
R30 [447]
b 44000 97000 -92
R31 3500000 150000 +137.97 [449]
R32 2.1-10% 156000 271.1 [450]
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f 130 7000 -203
R33
b 8.2-10% 210000 +203
f 130 12000 -239
R34 [447]
b 9.4-10% 251100 +239
f 1.4-10 209000 +160
R35
b 98 49000 -160

Aspen Adsorption™ is a commercial software for the dynamic simulation of cyclic adsorption and
reaction processes provided by Aspentech [451]. It provides access to an extensive library of
properties for several chemicals and to extensive tools for simulation of mass and heat transfer in
commercial fixed-bed reactors. The previously discussed kinetic model for methane reforming on
CeO; was thus implemented in Aspen Adsorption™ to obtain a complete tool for the simulation of

the reforming process. Figure 15 reports the scheme of the simulation.
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Figure 15: process model flowsheet in Aspen Adsorption™.

The detailed discussion of mass, energy and momentum balance in Aspen Adsorption™ software is
reported in the Appendix. The assumption made for model implementation are the following:
e The reactor operates in plug flow regime, with no axial dispersion or radial properties
gradients. The reactor was subdivided into 10 calculation nodes.
e The Ergun equation was used for estimating the gas pressure drop through the fixed bed.
e A linear driving force with constant mass transfer coefficient of 10~ s! was used for mass
transfer.
e Physical adsorption of gases on the bed was considered negligible, with Henry’s law model
being selected with a low adsorption coefficient (10"2°). Adsorption heat of components was
set at zero.

e The bed starts operation while filled with nitrogen.
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e The diameter of simulated particle is the average diameter of the experimental particles, which
as mentioned before are in the range of 0.595 to 0.841 mm, as Aspen Adsorption™ does not
allow the simulation of particles with non-homogeneous diameter, and the particles were
assumed spherical.

e Conductive heat transport is considered negligible, heat is only exchanged through
convection.

While block B1 simulated the interaction between gases and ceria surface, in block B9 the bulk of
cerium dioxide was simulated, connected to block B1 results by the equilibrium equation R36. Both
isothermal and adiabatic simulations were performed.

Both isothermal and non-isothermal reaction simulations were carried out. Since Aspen Adsorption™
does not allow to simulate radiative heat exchange, the flux of external heat of the electric furnace
used in the experimental tests was instead simulated considering the reactor to be surrounded by a
jacket heat exchanger, whose parameters were tuned to ensure that the simulated temperature
remained within the limits observed in experimental tests. External heat transfer coefficient was also
tuned to provide a reactor temperature profile similar to the one observed experimentally. A 5 mm
thickness was assumed for reactor walls, with an external temperature of 25 °C. Table 5 reports the
parameters of the simulated bed. The stream compositions, flowrates and the length of the partial
oxidation, purge and regeneration steps were chosen to match the flowrate of the experimental
conditions (1 nL./min). The simulation implemented the loop operation as an eight-step cycle in which
the inlet flowrates were cyclically switched. While the actual process consists of four steps, namely
partial oxidation, regeneration and the in-between two purges, for the purpose of numerical simulation
an additional four steps were implemented simulating a gradual switch from one step to the other,
with a partial opening of valves. This was done to improve model stability and avoid numerical errors
due to sudden switch in boundary conditions between steps, and the length of such steps was kept
low (3 s) to minimize their effect on the overall simulation. Not reported in the table are the values
of the simulated valves constants, but it should be noted that their value was simply used to ensure
that the column remained at atmospheric pressure during the whole run and ensure numerical stability

of the simulation.

Table 5: parameters of simulation and simulated cycle structure in isothermal and non-isothermal
conditions. Refer to Figure 15 for valve and stream names.

Parameter Isothermal Non-isothermal
Hy, bed height, m 0.07 0.07
Dy, bed diameter, m 0.0127 0.0127
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Wi, bed wall thickness, m 0.005 0.005
&i, inter-particle void fraction 0.5207 0.5207
&p, Intra-particle void fraction 0.5 0.5

1p, particle radius (m) 7.05x10™ 7.05x10
®, particle sphericity 1 1

ps, solid density, kg/m? 7220 7220

Mass transfer model

Linear driving force

Linear driving force

MTC, mass transfer coefficient, s™! 1073 1073
Adsorption model Henry’s law Henry’s law
[PLang (all gases), adsorption 1020 1029
coefficient
Cps, solid heat capacity, MJ/(kgxK) - 107
Hyw, wall-air heat transfer 163
coefficient, MW/(m?xK)
Tenv, External temperature, °C - 25
an,, Specific surface area of heat 5
exchanger, m’!
Upy,, heat transfer coefficient in heat 10
exchanger, MW/(m?xK)
Mass flowrate of heating medium,
- 6000
kg/s
Heat capacity of heat exchanger 08
fluid, MJ//(kgxK) '
Th,, Inlet temperature of heat
. - 950
exchanger fluid, °C
Inlet conditions
Composition Flowrate
Stream
(%omol) (kmol/s)
Partial oxidation inlet flowrate (S1) 10% mol. CH4 in N> 7.43x107
Purge flowrate (S7) 100% N2 7.43x107
Regeneration flowrate (S9) 15% mol. COz in N> 7.43x107

Cycle structure

Step Duration

Description
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(s)
Step for initialization of the column at the start of each
Step 0 0 cycle, valve B6 open at constant flowrate, valves B10 and
B11 closed
Partial oxidation step, valve B6 open at constant flowrate,
Step 1 900
valve B10 and B11 closed
Switch to purge, valves B6 and B10 partially open, valve
Step 2 3
B11 closed
Purge, valve B10 open at constant flowrate, valves B6 and
Step 3 400
B11 closed
Switch to regeneration, valve B10 and B11 partially open,
Step 4 3
valve B6 closed
Regeneration, valve B11 open at constant flowrate, valves
Step 5 600
B6 and B10 closed
Switch to purge, valves B10 and B11 partially open, valve
Step 6 3
B6 closed
Purge, valve B10 open at constant flowrate, valves B6 and
Step 7 400
B11 closed
Switch to partial oxidation, valves B6 and B10 partially
Step 8 3
open, valve B11 closed

1.3.3-Results and discussion

1.3.3.1-Comparison of oxygen carrier activity

Rapid test runs for the oxygen carriers were performed using the tubular reactor setup to screen the
activity of the different carriers for reaction with methane. Cerium dioxide, chromite and CeO,-CuO
OCs were tested at 850 and 950°C in 5%, 10% and 20% CHy4 flowrate (1 NL/min) to compare their
behavior. For example, Figure 16 reports the composition profiles obtained for a 10% vol. CHy4 feed
at the two reaction temperatures. It is immediate to notice the difference between the three OCs. At
850 °C (Figure 16a), cerium dioxide (continuous line) does not produce significant methane
conversion, and only a small amount of hydrogen is produced, which is likely attributed to methane
thermal decomposition rather than any activity of the carrier, as no significant CO or CO> production
is present. Meanwhile, at the same temperature, chromite (dotted line) demonstrates limited activity

to methane complete oxidation, shown by the lower methane outlet concentration coupled with an
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increase in CO> concentration. CO> production remains stable for about 1 min, then methane
conversion decreases and only H> production due to thermal degradation is seen. On the other hand,
the CeO2-CuO carrier is the most active, showing complete conversion of methane for the whole
time, with complete selectivity towards total methane combustion to CO». At 950 °C (Figure 16b)
CeO» shows greatly increased conversion compared to the lower temperature and except for an initial
spike in CO: formation, the reaction is selective towards syngas formation at almost constant
composition. Chromite also becomes more active at higher temperature but shows a much different
behavior. Production of carbon dioxide on chromite lasts longer and is then replaced by a significant
spike in carbon monoxide and hydrogen production. Here the gap between hydrogen and CO
production appears wider compared to CeOs, likely suggesting an increased occurrence of methane
decomposition on chromite. The CeO,-CuO carrier does not demonstrate noticeable difference in
behavior compared to the lower reaction temperature, being once again completely selective towards

total combustion and achieving complete methane conversion.
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Figure 16: gas composition profiles at reactor outlet over time for OCs exposed to 10% vol. CHg
flowrate at 1 NL/min: reaction temperature of 850 °C (a); reaction temperature of 950 °C (b).

Table 6 reports the methane conversion and reaction selectivity obtained on each OC in function of
its reduction extent (10 or 20%) and the concentration of methane in the inlet feed (5, 10 or 20% vol.),
at temperature of 950°C. Again, we can see that for cerium dioxide, at low OC conversion selectivity
can favor complete oxidation rather than syngas production, especially when methane concentration
in the feed is lower. At higher methane concentration, partial oxidation gains advantage, but so does
coke formation, therefore careful balance of carrier reduction extent is needed to ensure selective
syngas production. Chromite does not provide a good performance as an oxygen carrier for reforming,
displaying generally worse methane conversion compared to cerium dioxide and also being mostly
selective to complete methane combustion rather than syngas formation. Furthermore, it also is
affected by severe coke deposition and its performance at the investigated temperature appears

unstable, as seen by the significant errors affecting the results of repeated experiments. After
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extraction of the sample from the reactor, it was observed that the chromite sand had suffered severe
sintering during the reaction process, having formed macroscopic aggregates. The CeO2-CuO OC on
the other hand displayed the highest methane conversion and was selective towards complete
oxidation in all feed conditions and for all carrier reduction extents. As expected from reaction
thermodynamics and previous literature, it was also the only one observed to release gaseous oxygen
during the reaction. For higher methane concentration, significant coke formation was also observed.
This may be due to the fact that reduced copper can catalyze methane splitting, which cannot be
removed once available oxygen becomes insufficient. The release of oxygen from the carrier at
reaction temperature also makes it difficult to completely regenerate the carrier in isothermal

conditions, and repeated cycles show unstable performance (see the significant error on selectivity).

Table 6: methane conversion and reaction selectivity at different degrees of OC conversion for CeO»,

chromite and CeO»-CuO oxygen carriers. Results obtained for reaction at 950 °C.

YCH~> 0.05 0.10 0.20
Carrier xoc (%) > 10 20 10 20 10 20
XcHs (%) 29.7+0.4 ) 22.04+0.05 20.99+0.08 16.0£1.0 -)
CeO Nco. (%) 73.2+0.8 ©) 58.0+2.0 41.2+0.5 45.1£0.2 )
e
’ Nco (%) 35.0+2.0 ) 42.00+2.0 59.9+0.7 49.0£1.0 )
Nec (%) 0+£3.0 ) 0.0+4.0 0+1 6.0+2.0 )
Yem (%) 14.0+6.0 14.50+0.01 12.0+4.0 27.0+18 ) )
Nco. (%) 81.0+25.0 71.940.1 63.0+5.0 44.0£10.0 ) ©)
Chromite
Nco (%) 17.0£2 37.8+0.1 14.0£5.0 36.0+£10.0 ) )
Nec (%) 2.0+33.0 0.0+0.2 23.0£15.0 20.0+£37.0 ) )
XcHs (%) 72.72+0.01 | 72.72+0.01 | 73.82+0.05 73.86+0.01 74.03£0.03 | 74.04+0.01
Nco. (%) 100.0+4.0 100.0+4.0 100.0+0.6 100£0.1 74.0+18.0 | 75.0+18.0
Ce0,-CuO
Nco (%) 0.0+0.1 0.0+0.1 0.0+0.1 0.0+0.1 0.0+0.1 0.0+0.1
Nec (%) 0.0+4.0 0.0+4.0 0.0+0.6 0.0+0.1 26.0+18.0 | 25.0+18.0

1.3.3.2-TGA investigation of cerium dioxide

Cerium dioxide demonstrates interesting activity for methane reforming. Its behavior was thus tested
in more detail using TGA analysis, performing runs of 4 consecutive redox cycles in different
conditions. In the first run, partial oxidation step was carried out at 900 °C, with regeneration step at
400 °C; the second run again involved a partial oxidation step at 900 °C, but a regeneration
temperature of 650°C; in the third run, partial oxidation temperature of 950 °C and regeneration

temperature of 900 °C were selected; finally, the last run used a partial oxidation temperature of 1000
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°C and a regeneration temperature of 900 °C. Together, the runs enabled to assess the effect of
regeneration and partial oxidation temperature on the cyclical performance of CeO.. Results of TGA
tests are reported in Figure 17. While cerium dioxide was previously shown to be inactive at 850 °C
(Figure 16a), TGA tests confirm that cerium dioxide becomes active for methane reforming at T>900
°C, as predicted by thermodynamic simulation [387]. It is immediately apparent that the maximum
reaction rates and also the maximum reduction extent are increased with increasing reaction
temperature. This is particularly significant when considering the difference between PO step at 900
°C (Figure 17a and b) and 950 °C (Figure 17c), where reaction rates appear to be doubled at higher
temperature. The increase in reaction rate is less noticeable when increasing reaction temperature
further to 1000°C (Figure 17d). Changing regeneration temperature on the other hand had no effect
on carrier performance, as the regeneration of the carrier proved to be complete and fast at all
observed temperatures. It should be noted that when conducting the PO reaction at 1000 °C, a
noticeable weight increase of the sample was observed at the end of reduction even before the
regeneration of the carrier was started. This can be likely attributed to the high temperature causing
significant coke deposition. Therefore, 950 °C appears to be the optimal temperature for the reforming
process, as a good compromise between fast kinetics, optimal utilization of the carrier’s oxygen
capacity and avoidance of coke deposition. Further tests were performed in the reactor setup to

confirm these results and investigate the optimization of reaction time.

82



®
—:c- -
£ 3.00 E 3.00 .
= . o °.
& 2.00 ° o 200 * e
= % q " See.
©~ 1.00 Cogy e Te% = 1.00 . g T
0.00 - T T T T T r ) 0.00 < T T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Oxygen non-stoichiometry, 6 Oxygen non-stoichiometry, 6
® 1stcycle ® 2nd cycle 3rd cycle 4th cycle (a) ® Istcycle @ 2nd cycle 3rd cycle 4th cycle (b)
14.00 14.00
12.00 . 12.00 Bl
= 10.00 = 10.00
£ ° £
E 800 . E g00 ® .
€ 6.00 J € 6.00
2 =% o o] y @
T 4.00 * s ® < 4.00 Pt R |
o 2,00 Rae . 3 s 2.00 ddd b, *
000 <& ! . . g | . 0.00 . . . . - 3 !
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.00 0.10 0.20 0.30 0.40 0.50 0.60
Oxygen non-stoichiometry, & Oxygen non-stoichiometry, &
® istcycle ® 2ndcycle @ 3rdcycle @ 4th cycle (C) ® Istcycle ®2ndcycle ®3rdcycle @ 4th cycle (d)
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Trec=400 °C (a); Tro=900 °C, Trec=600 °C (b); Tro=950 °C, Trec=900 °C (c); Tro=1000 °C,
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1.3.3.3-Optimization of reaction time for reforming on CeO,
To confirm TGA results, CeO; oxygen carrier was tested under a 60 min reduction in the reactor bed,
at both 900 and 950 °C under 10% vol. CH4. The temperature of 1000 °C was not investigated as
TGA tests indicated increased carbon deposition without significant increase in oxygen carrier
conversion. Results of this screening are reported in Figure 18 in the form of cumulative reaction
yields. As previously observed in the initial screening (Table 6), cerium dioxide demonstrates high
selectivity for syngas formation, with only a very limited amount of CO; being produced (less than
0.1 mmol/gcco.) at both temperatures. Carbon dioxide production reaches its maximum yield within
less than 5 minutes of reaction and then is replaced by selective oxidation. Presumably, water is also
produced at the start of reaction together with CO», since hydrogen breakthrough from the reactor is
also delayed. Carbon dioxide yield increases at higher temperature, likely as a result of the increased
oxygen mobility, with water production also presumably following suit. This limited initial
contribution of complete combustion however does not significantly affect syngas quality, since
reaction rapidly becomes selective towards partial oxidation only. Partial oxidation yields are also
slightly increased at higher temperatures, as can be seen observing the CO and H; yields at 60 min
for the two temperatures. At 900°C, the maximum yields of reaction are 5.0+1.0, 2.0+0.2 and
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0.04+£0.01 mmol/gceo. for Hy, CO and CO,, respectively, while at 950 °C the maximum yields
observed are 6.0+0.3, 2.05+0.06 and 0.084+0.007 mmol/gceo.. The yields of CO and CO; reach a
plateau before the end of the reaction, after which their production ceases, suggesting that lattice
oxygen of ceria was exhausted within the 60 min of reaction; on the other hand, production of
hydrogen keeps increasing up to the end of the run. This can most likely be attributed to carbon
deposition, and as expected it is particularly evident at higher temperature. Looking at H> to CO ratio,
after 60 min of reaction a value of 2.5 is observed at 900 °C, while a value of 2.9 is observed at 950
°C. Figure 18b reports the observed production yields for each gas species as function of the carrier
conversion. For production of hydrogen, both the total rate of production and the corrected rate
accounting only for the contribution of partial oxidation are shown, their difference being the rate of
hydrogen formation due to methane decomposition. Looking at the profiles, it can be seen that at both
temperatures, methane decomposition becomes particularly relevant once cerium dioxide conversion
reaches ~40%, which also corresponds to the peak in the rate of total hydrogen production. Past this
point, the rate of partial oxidation decays at both temperatures, as can also be seen by the decrease in
production rate of CO. Once the carrier approaches 80% conversion, the rate of partial oxidation
rapidly falls to zero and only methane decomposition is left, with hydrogen production rate stabilizing
at a non-zero value. The results of TGA analysis for the effect of temperature on kinetics are here
confirmed, with rates at 950 °C being consistently almost double the rates at 900 °C. Operation at
higher temperature allows to reach significantly higher yields in lower process time: at 900 °C,
reaction was completed within 40 min, while at 950 °C completion of the reaction required about 30
min. Peak production rates were achieved after 20 min of reaction at lower temperature, while at 10
min at 950 °C. These much faster rates of reaction and the increased carrier conversion and yields
suggest that 950°C is the ideal temperature to carry out the reforming reaction. However, optimal
reaction time needs to be properly determined to avoid the occurrence of excessive carbon deposition.
It was seen that CO production at 950 °C remained significant up to 20 min of reaction, at a carrier
conversion ~70%. At this point, a syngas ratio of ~2.3 is obtained, suggesting a still limited carbon
deposition, and the reaction reaches ~78% of its maximum yield in CO and ~62% of its maximum
H> yield. After this point, the rate of partial oxidation rapidly decays, with carbon deposition
becoming increasingly relevant and the H» to CO ratio rapidly increasing. Therefore, operation past
this point appears unattractive in terms of syngas quality and coke avoidance, and 20 minutes of
reaction and 70% carrier conversion appear to be the optimal point to stop the partial oxidation
reaction and start carrier regeneration, allowing to obtain a significant fraction of the maximum
reaction yield while still maintaining good selectivity in reaction products. To test these conclusions,

repeated redox cyclic tests were performed. Before performing the repeated tests, different
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regeneration conditions were tested to ensure that carbon removal and restoration of lattice oxygen
could be properly carried out between each partial oxidation step. TGA tests previously showed that
kinetics of carrier regeneration are not limited by temperature. However, the effect of oxidant
concentration in the regeneration feed and of feed flowrate needs to be assessed to ensure cyclical

stable performance.
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Figure 18: results of 60 min PO step under 10% vol. CH4 at 1 NL/min at 900°C and 950 °C:
cumulative reaction yields over time and H» to CO ratio (a); reaction rates as function of carrier
conversion (b).

Figure 19 reports the results for carrier regeneration after the partial oxidation steps of Figure 18. It
can be immediately seen that regeneration follows the same pattern in all conditions: at first, CO is
produced as a result of the O feed, suggesting that indeed coke was deposited during the previous
partial oxidation step. At this point, coke is converted to CO as its oxidation is actively competing

with carrier regeneration, as seen by comparing the curves of total oxygen consumption and
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consumption of oxygen for CeO, regeneration of Figure 19b being closer to each other at this point.
Once cerium oxide regeneration advances, its competition with coke removal recedes and the
remaining coke is combusted to COz. Even though higher flowrate and oxygen concentration increase
regeneration rate, it can be seen that for all tested conditions regeneration is rather fast, especially
compared to partial oxidation: regeneration of the carrier is in all conditions mostly completed already
within 6 min of reaction. The regeneration condition for cyclic tests therefore was not determined on
the basis of reaction rate, as it is not limiting on the process, but rather on safety concerns:
regenerating in high oxygen concentration and low regeneration flowrate was observed to lead to a
dramatic increase in bed temperature, overshooting 1100 °C. Therefore, to avoid risks to experimental
apparatus and operator safety, a flowrate of 5 NL/min at 3% vol. Oz concentration was chosen as the
regeneration condition for cyclic tests, as the low oxygen concentration and high flowrate limited

reactor overheating while still accomplishing efficient regeneration.
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Results of cyclic tests at 950 °C are reported in Figure 20. Two sets of cycles were investigated, the
first having a partial oxidation step of 30 min, which as discussed previously corresponds to
completion of the reaction at the selected temperature, and 20 min, which instead coincides with
decline in the CO production rate. In between each partial oxidation, regeneration step length was
based upon disappearance of CO and CO> among the product and breakthrough of the oxygen

concentration profile. This generally amounted to a regeneration step length of about 6 min.
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Figure 20: results of redox cyclic tests at 950 °C in 10% vol. CH4 (1 NL/min), with regeneration in
3% vol. Oz (5 NL/min): partial oxidation time=30 min (a); partial oxidation time=20 min (b). C
deposited represents the amount of carbon formed by methane decomposition during partial
oxidation step, C oxidized is the amount of carbon removed during the following carrier
regeneration step.

Syngas production is stable over 8 cycles for both conditions, however, the difference in the relevance
of carbon formation is immediately visible. In Figure 20a, the longer partial oxidation step leads to
an average carbon formation of 0.7+0.2 mmol/gcco. for each partial oxidation step, and the following
regeneration step does not appear to be able to remove it completely, possibly due to formation of
more refractory carbon species after accumulation. Indeed, the sample extracted from the reactor
upon the end of the test did display the presence of small coke particles upon visual inspection,
appearing visibly blackened. This leads to a syngas with an average Ho/CO=2.8+0.1, with an average
H, total yield of 5.0£0.1 mmol/gcco. and an average CO yield of 1.79+0.07 mmol/gcco.. In

comparison, the shorter reaction step of Figure 20b leads to almost negligible carbon formation, with
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an average of 0.16+0.06 mmol/gcco, per step, which are completely removed during the following
regeneration. Average yields of H, and CO amounted to 2.9+0.5 and 1.2+0.2 mmol/gcco.,
respectively, that is to say they were ~58% and ~69% of the yields for the longer reaction step,
respectively. Carbon deposition is instead decreased by ~78%. Methane conversion was not
significantly affected by the shorter reaction time, with an average of 30.3+0.9% for the longer cycles
and 25+4% for the shorter ones. The benefit to selectivity is therefore immediately apparent.
However, the obtained yield of CO is lower than the 78% of total yield expected from observations
on Figure 18. It can also be observed that the yields of reaction over cycles indeed present some
instability, particularly during the cycles with shorter partial oxidation. This could possibly be
attributed to thermal instability of the reactor system. As mentioned before while discussing
regeneration conditions, the low O> concentration and high flowrate used for the regeneration step
were selected to avoid excessive temperature peaks during the experiment. Regeneration of ceria in
oxygen however is highly exothermic and even in these milder conditions lead to temperature spikes
during each regeneration step, while during the endothermic partial oxidation step, temperature
minima were observed. As such, particularly for the shorter cycles it was difficult to maintain reaction
temperature stable, as the reactor did not have time to properly equilibrate itself between reaction
steps. Furthermore, the sharp temperature spikes may lead to partial sintering of ceria, despite its
thermal stability, with the loss in surface area resulting in hampered oxygen exchange and greater
methane decomposition. The use of a milder oxidant can avoid this problem. Carbon dioxide has been
shown to be able to oxidize cerium dioxide, and its use for reforming is particularly interesting in the
framework of CCSU technologies, as discussed previously in Section 1.1.2 when talking about
reforming. Therefore, a further set of cyclic tests using carbon dioxide for carrier regeneration was
performed, using a CO2 flowrate of 1 NL/min at 15% vol. CO2 concentration. This value was chosen
because it matches the typical concentration of CO» in industrial flue gasses, thus the intent was to
evaluate the case of CLDR being used directly for carbon capture. The results are presented in Figure
21. For the first cycle, a partial oxidation step of 30 minutes was carried out, while all following
cycles used a partial oxidation step of 20 minutes. Here also it is evident how the longer partial
oxidation step is not particularly beneficial, as it mostly increases only the occurrence of carbon

deposition without particularly benefitting reaction yield, ceria and methane conversion.
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Figure 21: results of redox cyclic tests at 950 °C in 10% vol. CH4 (1 NL/min), with regeneration in
15% vol. COz (1 NL/min), partial oxidation time=20 min. C deposited represents the amount of
carbon formed by methane decomposition during partial oxidation step, C oxidized is the amount of

carbon removed during the following carrier regeneration step.

For the cycles with 20 min partial oxidation step (2 to 9), it can be immediately seen that the observed
performance is much more stable than what observed for regeneration in oxygen, and no temperature
spikes were observed during regeneration step, and the reaction yields are not compromised by the
milder oxidant. On the contrary, the observed yields are higher than those of Figure 20b, with average
yields of CO, COz, and total H; equal to 1.52+0.01, 0.16+0.01, and 3.6+0.1 mmol/gc.o., respectively,
demonstrating the beneficial effect of the more constant reaction temperature. Approximately 76%
of the maximum syngas yield of the tests with 30 min partial oxidation is achieved, much closer to
the 78% expected from Figure 18. Stable methane conversion of 34.5 + 1.2% and ceria conversion of
76.8 = 1.3% are obtained with selectivity to partial oxidation at an average value 0.76 = 0.03 based
on CO formation, which is higher than what is observed for samples regenerated in oxygen. However,
regeneration in carbon dioxide is less efficient for removal: an average of 0.33 £ 0.07 mmol/gcco., are
formed in each partial oxidation step, and do not appear to be removed during the following
regeneration step, despite CO; being otherwise effective in restoring the oxygen capacity of ceria.
Furthermore, regeneration of ceria in CO> was significantly slower compared to oxygen, requiring an
oxidation time of 15 min compared to the 5 needed in oxygen. Despite the apparently ineffective coke
removal, it is observed the performance of cerium dioxide remains remarkably stable for cycles with
carbon dioxide in the tested conditions. Cerium dioxide appears to be highly resistant to carbon
formation, so the unstable activity of the cycles with regeneration in oxygen likely is not caused by
coking. As mentioned before, sintering may be the cause for the loss in activity. Cerium dioxide has
a high melting temperature and is generally resistant to major sintering, but it nonetheless may occur,
especially in the form of grain growth. To reduce sintering, more refractory supports can be used in

mixture with cerium dioxide to help prevent particle aggregation. Alumina is one such refractory
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material, commonly used as support for catalysts due to its high thermal stability, mechanical
resistance and low cost [452]. In previous work, a mixture of AlbO3 and CeO; at 30% wt. ALOs
showed improved performance for methane reforming [404]. Such a sample is here tested again to

better assess its performance. Results of these tests are shown in Figure 22.
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Figure 22: results of redox cyclic tests at 950 °C in 1 NL/min 10% vol. CH4 on CeO»-Al>O; carrier,

partial oxidation time=20 min: regeneration in 1 NL/min 3% vol. O (a); regeneration in 1 NL/min

15% vol. COz (b). C deposited represents the amount of carbon formed by methane decomposition
during partial oxidation step, C oxidized is the amount of carbon removed during the following

carrier regeneration step. For cycle 6 regeneration was not recorded.

Figure 22a reports the results for cycles performed with regeneration in oxygen, while cycles in
Figure 22b are carried out with regeneration in 15% vol. CO». Again, instabilities in performance are
observed when regenerating in oxygen likely due to the thermal excursion caused by the exothermic
regeneration step. Average yields observed in this condition are of 2.9+0.5, 1.5+0.3 and 0.59+0.03
mmol/gceo, for Ha, CO and COa, respectively, with average H2/CO of 1.9540.05. Carbon formation
amounts to an average of 0.27+0.07 mmol/gcco, per partial oxidation step, which do not appear to be
completely oxidized during regeneration. When regenerating in CO> instead, average yields amount

to 2.80+0.01, 1.35+0.04 and 0.40£0.02 mmol/gcco. for Ho, CO and CO», respectively, and average
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H»/CO=2.08+0.02. Carbon formation here appears higher, at an average of 0.7+0.4 mmol/gcco., but
performance of the oxygen carrier is nonetheless stable for the investigated cycles. It is interesting to
observe that here the yields of CO almost match the yields of CO observed for pure CeO> oxygen
carrier at 20 min partial oxidation time in either Oy (1.2+£0.2 mmol/gceo,) or CO (1.52+0.01
mmol/gceo,) atmosphere and display an improved H»/CO ratio much closer to the stoichiometric 2,
despite the lower amount of CeO> present in the mixed oxide oxygen carrier. This may demonstrate
that the mixed oxide displays improved oxygen mobility, and can be further deduced from the fact
that in these cases, the mixed OC appears to reach a reduction extent higher than what would be
expected by pure ceria (see CeO> conversion plotted in Figure 22). Conversion of methane is also
generally higher on the mixed oxide carrier, averaging at 41+6% when regenerating in oxygen and
31.6+0.3% when regenerating in CO2. CO: conversion also appears enhanced, at an average of
56+6%. To obtain further insight into the oxygen carrier behavior, XRD and SEM analysis were

performed on samples as prepared and after reaction.

1.3.3.4-XRD and SEM analysis of the tested oxygen carriers

XRD analysis of the prescreened CeO., chromite and CeO»-CuO oxygen carriers is shown in Figure
23. Samples of the pristine oxygen carriers as well as of the carriers after reaction cycles at 950 °C

were investigated to assess eventual changes in their phase structure.
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Figure 23: XRD analysis of CeO,, chromite and CeO,-CuO oxygen carriers. Pre=pristine oxygen

carrier; Post=oxygen carrier after reaction at 950°C.

It is immediately evident that the carriers differed significantly in behavior among each other. The
pure CeO» carrier was unchanged before and after reaction in terms of phases, presenting only a pure
CeO»> phase which is maintained after the redox cycles are complete, and also in terms of cell
parameters, showing completely coherent spacing and intensity of reflections before and after
treatment. None of the thermodynamically possible reduced forms of cerium oxides (i.e. Ce20s3,
Ces0:s, etc.) appear in the spectrum of the carrier after redox cycles. This suggests that regeneration
of the carrier was indeed complete, and that cerium dioxide is resistant to multiple redox cycles at the
tested temperature (950 °C).

On the other hand, the chromite carrier appears severely altered after the redox cycles. In particular,
appearance of a FeoO3 phase is clearly evident in the sample after reaction, effectively confirming
that the iron content of chromite can be effectively oxidized and used to exchange oxygen during
redox cycles with methane. However, several other structures appear also after reaction, with iron
and chromium oxides forming spinel species. Furthermore, the disappearance of some chromium
species (Cr2S104) in the spectra after reaction might also suggest that a segregation of iron phases on
grain surface has occurred. A higher baseline is observed for the spectra of chromite compared to the
other carriers, which can be attributed to the lower crystallinity of this natural material compared to

the other carriers. The baseline and intensity of the peaks are also altered after reaction suggesting
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that the material modified its crystallinity during reaction. Indeed, severe sintering was observed to
occur for this oxygen carrier, as observed in Section 1.3.3.1. Therefore, in the tested conditions,
chromite structure is not stable, and the material cannot be effectively regenerated, as the formation
of spinel phases sequesters active iron species from participating in the redox reaction.

Finally, the CeO,-CuO shows some differences before and after reaction. Before reaction, the only
phases present are the two pure oxides, with no visible impurities. After the reaction cycles however,
the carrier shows evidence of incomplete regeneration, with reduced copper oxide species being
present (Cu20, CusO3). The incomplete regeneration of copper oxide can be attributed to the high
release of gaseous oxygen from the oxide at high temperature, which makes regenerating the carrier
more difficult compared to cerium oxide, which instead appears here to also be completely
regenerated. A certain difference in crystallite size can also be appreciated before and after reaction,
pointing to the occurrence of grain growth.

Oxygen carrier samples were further investigated under SEM to observe the structure of their surface
before and after reaction, shown in Figure 24. Again, it is immediately noticeable how the surface of
CeO; appears unchanged after reaction, again confirming its stability. On the other hand, both the
Ce0»-CuO and especially the chromite oxygen carriers demonstrate evidence of sintering on their

surface, with chromite oxide in particular displaying a greatly altered surface structure.
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Figure 24: SEM images of CeO», chromite and CeO2-CuO oxygen carriers before and after activity
screening cycles [453]. CeO; before reaction (a); CeO» after reaction (b); Chromite before reaction
(c); Chromite after reaction (d); CeO2-CuO before rection (¢); CeO2-CuO after rection (f). All

images are at 10000% magnification.

A further SEM examination was performed on the cerium dioxide and CeO,-Al,O3 oxygen carriers
before and after the long reaction tests with regeneration in oxygen or carbon dioxide. These are
shown in Figure 25. For these longer reaction cycles, pure cerium dioxide shows evidence of grain
growth both when regenerated in oxygen (Figure 25c¢ and d) and CO; (Figure 25¢ and f), although

aggregation is much more noticeable in the sample regenerated in oxygen. Samples after reaction
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cycles indeed display apparently larger surface particles with smoother surface compared to the
pristine oxygen carrier. This aggregation is likely the cause of the increasing carbon deposition
occurring on ceria regenerated in oxygen, seen in Figure 20, as the loss in surface area may lead to
impeded oxygen release(Figure 25g and h) not only displays smaller surface grains, but also
decreased sintering after reaction (Figure 251 and j) thus possibly explaining its more stable

performance seen in Figure 22.

Figure 25: SEM microscopy of CeO2 and CeO2-Al>O3 oxygen carriers before and after redox tests

with 20 min partial oxidation step [454]: CeO: before redox cycles (a, b); CeO: after reaction with
O, regeneration (c, d); CeO» after reaction cycles with CO; regeneration (e, f); CeO2-Al,O3 before
(g, h) and after cycles in both O, and CO:x (i, j). Upper images are at 10000x magnification, bottom

images are at 40000% magnification.

1.3.3.5-Results of numerical simulation

Numerical simulation in Aspen Adsorption™, using kinetics by Zhao 2016 [447], was performed to
attempt to replicate experimental results for the pure CeO> sample regenerated in CO», in a first
attempt at performing a complete process simulation. The experimental and simulated results for gas

profile at reactor outlet are compared in Figure 26.
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Figure 26: comparison between experimental data, isothermal simulation and non-isothermal
simulation of a redox cycle for CeO2 oxygen carrier for reduction in 10% vol. CH4 (1 NL/min) and
regeneration in 15% vol. COz (1 NL/min) at 950 °C. The simulated gas outlet temperature for the
non-isothermal simulation is also shown on secondary axis to demonstrate that the simulated

heating regime was able to maintain temperature sufficiently stable.

It can be observed that while the simulated profiles qualitatively show the same behavior of the
experimental data, with initial complete oxidation followed by selective syngas generation,
quantitatively the prediction provided by the literature model is not accurate. It can be seen that using
the kinetic rates as reported in literature, complete methane conversion is obtained both for isothermal
and non-isothermal simulation, thus the estimated production of all gases is much greater than the
experimental results suggest. Regeneration of the oxygen carrier is also characterized by a great
overestimation of carbon dioxide conversion. It is currently unclear whether the divergence of
simulated results from experimental values can be attributed to the kinetic model or if improved
modelling of mass transfer in the column may improve the results. However, it should be observed
that the current kinetic model was unable to simulate the complete reduction of cerium dioxide.
Attempt at simulating a partial oxidation step of 30 min, which experimentally was shown to lead to
complete carrier reduction, lead to premature crashing of the numerical solver. A possible issue is
that the kinetic model as proposed by Zhao [447] was only tested for a more limited reduction extent
of the carrier, and was thus unable to properly account for the decrease in kinetics of partial oxidation
as oxygen lattice is depleted. The qualitative match between the model and the experimental results
suggests that the current proposed mechanism could be able to correctly represent the chemical

looping reforming of methane on cerium dioxide oxygen carrier, but more accurate fine tuning at
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higher carrier reduction extent is needed to produce accurate simulations. More accurate data for
reaction enthalpy of non-stoichiometric cerium dioxide with methane is also needed to complete the

reaction mechanism investigation and correctly simulate the process.

1.3.4-Conclusion and future perspectives

The chemical looping approach offers the opportunity of developing more sustainable reforming
processes and is particularly interesting for the purpose of dry reforming with coupled carbon capture
and utilization. Development of cheap and efficient oxygen carriers is the key to developing
competitive chemical looping reforming processes. Different oxygen carriers were here tested for the
purpose of producing syngas with stable H> to CO ratio close to 2. Chromite is a natural mineral rich
in iron and chromium, with waste for its mining industry having already been investigated for its use
as oxygen carrier. In the present thesis, chromite itself was for the first time assessed as an oxygen
carrier for methane reforming. The chromite oxygen carrier did not perform well for production of
syngas, demonstrating low yields and selectivity, favoring instead complete combustion and carbon
formation. Visual investigation, XRD and SEM analysis of the carrier after being exposed to chemical
looping cycles in methane show evident occurrence of sintering and alteration of surface morphology
and composition, explaining the carrier unstable performance under reforming conditions. Cerium
dioxide instead was confirmed as a stable oxygen carrier selective for syngas production. Kinetic
investigation showed that the cerium dioxide carrier developed in this study provides low
performance at temperature below 900 °C. On the other hand, when going from 900 °C to 950 °C,
the reaction rates of methane oxidation are almost doubled, with carbon deposition becoming relevant
only upon 40% carrier conversion for a methane feed at 10% vol. CHs. A temperature of 950 °C
appears as the best compromise between fast redox reaction kinetics and low coke deposition, thus
greater emphasis was put on the need of optimizing utilization of the oxygen carrier while
compromising between selectivity and yield through proper selection of the partial oxidation step
duration. At 20 min of partial oxidation time and temperature of 950 °C, the obtained average yields
for pure cerium dioxide are 2.9+0.5 and 1.2+0.2 mmol/gcco. for H» and CO, respectively, when
regenerating the sample using 3% vol. oxygen atmosphere. In these conditions, an average of
0.16+0.06 mmol/gceo. moles of carbon are formed in each partial oxidation step and the average
conversions of methane and ceria are of 25+4% and 55+7%, respectively. The obtained partial
oxidation yield in these conditions reaches as high as 69% of the yield obtained for longer cycles with
30 min partial oxidation step while demonstrating a decrease of 78% in the amount of coke deposited.
Regeneration in oxygen allows for complete coke removal upon optimization of reaction time. When
regenerated in 15% vol. COy, pure cerium dioxide instead displayed average yields of CO, and H»
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equal to 1.52+0.01 and 3.6+£0.1 mmol/gce0,, respectively, with stable methane conversion of 34.5 +
1.2%, ceria conversion of 76.8 + 1.3% and an average yield for coke formation of 0.33 + 0.07
mmol/gceo, in each partial oxidation step. The less exothermic regeneration reaction leads to lower
catalyst sintering, as supported by SEM analysis, and thus more stable performance. In these
conditions, the oxygen carrier was able to reach 76% of the partial oxidation yield achieved for the
oxygen carrier exposed to the longer partial oxidation cycles with regeneration in oxygen, which is
well correlated with the observed 76.8% conversion of cerium dioxide. Removal of coke is worse
when compared to regeneration steps carried out in oxygen, however this does not seem to alter the
performance of the oxygen carrier for at least the 8 cycles tested in the present work. Further tests
with greater number of reaction cycles are needed to better assess the continued performance of the
oxygen carrier in these conditions. Overall, cerium dioxide shows good selectivity to syngas
formation and stable performance over repeated cycles, however efforts are needed to improve
methane activation on its surface and increase conversion. Addition of 50% mol CuO to the carrier
negatively affected the reforming reaction, completely switching selectivity towards complete
combustion due to the release of gaseous oxygen from copper oxide. On the other hand, working with
a 30% wt. mixture of ALOs in CeO; appeared to benefit the utilization of carrier lattice oxygen,
stabilizing syngas production and lowering coke deposition while apparently allowing for deeper
carrier reduction and increasing methane conversion. Average yields for the CeO2-Al>03 carrier are
of 2.940.5 and 1.5+0.3 mmol/gcco. for Hz2 and CO, respectively, with average carbon formation of
0.27+0.07 mmol/gceco, per partial oxidation step and 41+6% average methane conversion when
regenerating the carrier in 3% vol. oxygen. When regenerating in CO> instead, average yields amount
to 2.80+0.01 and 1.354+0.04 mmol/gcco. for H2 and CO, with average coke formation of 0.7+0.4
mmol/gceo, per partial oxidation step and 31.6+0.3% average methane conversion. The maximum
instantaneous methane conversion observed in cerium dioxide carriers approaches 70% at the start of
reduction step, coinciding with the onset of complete oxidation, but conversion then quickly decreases
for all OCs stabilizing around 30%, before decreasing again up to 10% once cerium dioxide
approaches 40% reduction. Future development of cerium dioxide oxygen carriers will require to
obtain carriers with stable and greater surface area and improved methane activation without utilizing
toxic and expensive nickel coating. Nanostructured cerium dioxide materials therefore appear as a
good option for chemical looping reforming. The improved methane activation on CeO2-AlOs3
mixture points to the possibility of obtaining better performing carriers utilizing cheap material
supports.

Finally, an attempt at numerical simulation of the process was carried out using available literature

data for kinetics and mechanism of methane-cerium dioxide reaction. Numerical simulation results
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qualitatively match experimental observation, however fine tuning of the model, particularly on
deeper reduced cerium dioxide, and further data on the thermodynamics of the elemental reaction
steps of non-stoichiometric ceria are required to obtain accurate quantitative prediction of process
yields. Furthermore, the current kinetic model does not consider other common surface species that
can be formed from reaction of cerium oxide surface with methane, water and hydrogen, such as
surface hydrides, which have already been observed to form on ceria surface and might play an
important role in the mechanism of water splitting and hydrogen formation [455-457]. The complete
kinetic model could then be used to provide useful data on the optimization of reaction conditions for

the reforming process.
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Part 2: Numerical simulation of a multicomponent adsorption
column for a Vapor Recovery Unit for capture of fuel storage

tank VOCs vapors using Aspen Adsorption™ software.

2.1- Incidence and harmful effects of exposure to VOCs in refineries

As mentioned in the introduction, VOCs are among the most relevant pollutants produced by human
activities. VOCs exposure is a serious concern both for human health and for the safety of the
environment. For example. Abundant literature exists on the negative effects of VOCs on human
health; positive correlations have been found between exposure to VOCs and incidence of atopic
dermatitis in children [458], respiratory problems [459,460], lung cancer [461], breast cancer [462],
neurological disturbs [463] and several other pathologies [26,464—466]. Figure 27 reports the
documented health effects for some common VOC:s. In addition to their direct toxicity, several VOCs

can also lead to ground level ozone formation, itself a dangerous secondary pollutant [467].
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Figure 27: Major human health effects of exposure to some common VOCs [30].
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The petrochemical industry is one of the principal sources of anthropogenic VOCs emissions.
Potentially concerning levels of VOCs concentrations have been observed in the air near refineries
around petroleum treatment plants around the world [468—471]. Population living near refineries have
shown increased incidence of pathologies such as leukemia [472], respiratory inflammation and lung
cancer [473]. Indeed, despite some contrasting studies [474], the presence of refineries has been
generally correlated with increased risk of several types of cancer in the surrounding area [475-477],
and literature consistently reports particularly increased risk for refinery workers that face daily
exposure to potentially dangerous levels of VOCs [478—480]. In addition to their health and
environmental threat, emissions of VOCs are also a relevant economic loss, as potentially valuable
refinery products are dispersed in the environment. For example, even considering a rate of
evaporation of crude oil limited to 1%, as much as 488267 $/day of product can be lost [481].
Therefore, abatement of VOCs emissions, coupled with recovery of the abated products, plays an
essential role in optimization of refinery processes. VOCs can be emitted along the whole chain of

refinery processes. Figure 28 shows an example of emission source distribution in a refinery.
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Figure 28: VOCs emission sources and their contribution to total emission in a petroleum refinery
in Shandong, China [482].

It is immediately evident how storage tanks and their loading operations are associated alone with

79.9% of the total refinery emissions, constituting therefore the main source of VOCs releases. In
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general, storage tanks have been reported as a consistent point source of VOCs emissions in literature,
amounting to 20-40% of total emissions of refineries [483,484]. As such, strategies to control tank
emissions are crucial to reducing risks and increasing revenues. Emission from storage tanks, in the
absence of critical equipment failure, can be mainly of two types: evaporation losses [485], which
cause gradual release distributed over time, and working losses [486], more intense point losses which
are caused by the rapid displacement of tank vapors and flash evaporation of liquid during loading
and unloading operations. Significant efforted has been attributed in literature to the analysis and
simulation of VOCs emissions from storage tanks. Literature analysis points at light alkanes as the
main VOCs that are emitted, but significant traces of alkenes and aromatics can also be present
[482,486]. Composition of VOCs emitted can greatly vary according to the nature of their parent
liquid fuel [487], and can even be subjected to seasonality, as the different environmental conditions
affect the evaporation rate of the various compounds [488]. Different models have also been proposed
to simulate their emission rate [489—491]. In general, the complexity and variability of composition
of crude oil hydrocarbon mixtures makes the treatment of their associated VOCs emissions a
complicated issue. In the following section, the main technologies for VOCs abatement will be briefly

presented, with a focus on the use of adsorption as the most common option.
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2.2-Vapor recovery units

Given the hazards and economic losses associated with VOCs releases from storage tanks, several
solutions have been proposed to mitigate losses. Optimization of design of tanks, their sealing and
their careful maintenance can noticeably reduce emissions [492,493], and noticeable effort has been
put on monitoring systems for quick detection of losses [494,495]. However, these measures alone
cannot effectively mitigate the problem, especially when considering losses during loading operation
or triggering safety pressure valves. In the past such emissions would typically be flared as a measure
of VOCs abatement, which is not an ideal solution as it can lead to imperfect abatement with
formation of secondary pollutants, while at the same time destroying what could be valuable products
[496,497]. As such, nowadays it is commonly required that refineries utilize vapor recovery units
(VRUs) [498], that is to say installations with the purpose of capturing the fugitive VOCs emission
and reinserting them in the storage tank, to avoid losses. Different technologies have been proposed
for VOCs recovery [499]; the following sections will offer a brief overview on the available

alternatives.

2.2.1-Condensation/cryogenic separation
Condensation is perhaps the conceptually simplest approach to VOCs abatement. Here, fugitive
streams are intercepted, compressed and then cooled to liquefy the VOCs and then recycle them to
the storage tanks. Since VOCs are by definition characterized by their high volatility and thus low
boiling points, a cryogenic cycle is used to obtain temperature low enough for their efficient
condensation [500]. Dunn et al. [501] first proposed an approach for optimal selection of
condensation method focused on three essential questions:

- Which refrigerants ought to be used for cooling/condensation?

- What is the optimal load to be removed by each refrigerant?

- What is the sequence of waste stream/refrigerant matches and how should the system be

configured?

Liquid nitrogen is a common refrigerant for VOCs recovery application, commonly organized in a
three-step refrigeration cascade [502], but some thermodynamic studies suggest that use of mixed
refrigerants might allow for enhanced performance [503]. Condensers are essentially of two types
[504]: surface condensers such as the typical pipe-and-shell design exchange heat through an
intermediate solid surface without direct physical contact between the gas stream and the refrigerant,
while contact condensers exchange heat by direct two. While the latter allow for much faster heat
exchange, they are less used as the refrigerant cannot be efficiently recycled and is mostly lost in the

process. A common problem of condensation is its sensitivity to the presence of humidity in the gas
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current, which can freeze and cause damage to equipment, as well as hinder recovery efficiency by
reducing heat exchange [505]. In general, cryogenic condensation is best suited to work on rather
concentrated currents (>5000 ppm) and can guarantee recoveries greater than 99% when properly
optimized, however the outlet concentration is strictly dependent on the refrigeration temperature
reached, with temperatures as low as -160 °C may be needed to meet these requirements [506,507],
with considerable costs and energy expense for the refrigeration cycle. The lower boiling point light
hydrocarbons such as ethane and propane in particular are very difficult to remove, especially
considering the stricter environmental laws on emission limits of the late years. Additionally, possible
polymerization of VOCs and explosion risks due to the crossing of upper flammability concentration
thresholds during VOCs condensation are other problems associated to condensation separation

[508].

2.2.2-Membrane separation

Membranes have been often proposed as a solution for VOCs abatement. They are operationally
simple to implement, and can offer good selectivity, scalability and high recovery at a low energy
intensity [508,509]. For example, Choi et al. evaluated that hollow fiber membrane modules could
provide a useful solution for VOCs emission abatement in oil tankers [510]. Zhao et al. demonstrated
improved permeability and selectivity for toluene and cyclohexane separation from N> in octyl-
modified polyhydromethylsiloxane membranes [511]. Shirke et al. proposed SiO- based hollow fiber
composite membranes for recovery of toluene from toluene/N> mixtures [512]. Several other types
of membranes, ranging from polymeric to composite and liquid membranes, have been tested for
VOC separation, however, despite promising results, membrane have not yet seen wide scale
application in vapor recovery, with the main obstacles being provided by the usually high costs and
difficulty of membrane fabrication coupled with their still limited efficiency and durability under

industrial operation conditions [513,514].

2.2.3-Absorption
Liquid absorption of VOCs in tower scrubbers has already been effectively employed for VOCs

abatement, saving as much as 606800 $/year of product loss [33,515]. Fixed bed column contactors
are the most common choice for gas-liquid absorption processes, due to their ability to offer enhanced
surface area for gas-liquid mass transfer [516]. The absorption process can be either purely physical,
with the separation depending only on the vapor pressure and on the solubility of the gaseous species
in the selected solvent, or reactive, with the presence of active chemical reaction between solvent

species and gas acting to enhance the capture [517,518]. In general, while physical absorbents may
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be less effective than chemical absorption in terms of level of emission abatement reached, they are
easier to regenerate and allow for more effective non-destructive recovery of products. While several
different liquids have been proposed for VOCs abatement in different industry fields, from ionic
liquids to deep eutectic solvents [519-521], when considering the purpose of vapor recovery for
storage tanks the most cost-effective solution is to simply use part of the tank liquid content to scrub
the produced vapors, physically absorbing the VOCs, and then reintroducing the VOCs containing
liquid stream directly to the tank, thus avoiding the costs of solvent regeneration by stripping normally
involved in absorption processes [522]. With this optimized approach, up to 95% recovery of VOCs
can be achieved [522]. However, liquid absorption alone is often insufficient to meet the required

levels of abatement and recovery required by environmental regulation and cost effectiveness goals

[523].

2.2.4-Adsorption

Adsorption technology involves the capture of VOCs on the surface of solid material adsorbents and
has seen much development for the purpose of VOCs abatement and vapor recovery [524], thanks to
its high removal efficiency, cost effectiveness and low energy consumption [525]. Dwidedi et al.
compared adsorption to cryogenic concentration and found it much more effective in dealing with
low concentration emissions [526]. As in the case of liquid absorption, both purely physical
adsorption and chemical adsorption may be employed, based on the strength of the bonds formed
between the adsorbent and the adsorbed compounds [527], although in the case of VOCs emission
abatement chemisorption is mostly associated with destructive abatement rather than product
recovery [528]. Several different adsorbent materials have been studied for the purpose of VOCs
abatement and recovery, each with its own advantages and disadvantages [529]. Activated carbons
are a common choice for these applications, thanks to their relatively low cost, high surface area and
good capture efficiency [530,531]. Effective activated carbons can be produced from renewable
sources such as biomass, providing opportunities for waste valorization [532,533]. A downside of the
use of activated carbon is their flammability, which requires the installation of fire monitoring and
extinction inside the adsorption columns, and gradual loss of adsorption capacity requiring periodic
high temperature regeneration [530]. Zeolites [534] and metal-organic frameworks (MOFs) [535] are
the other common choices for adsorbent materials, with zeolites offering good thermal stability and
MOFs providing great tunability of adsorption selectivity, however they are hindered by the
complexity of their synthesis and high costs of production [525]. Finally, silica gels have also been
evaluated for VOCs abatement applications [536]. Adsorption can be performed in different
configurations:
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- Pressure swing adsorption (PSA) [537]: in this configuration, adsorption is performed at high
pressure, then the adsorbent is regenerated by lowering the pressure. A variant of this process
is the Vacuum swing adsorption (VSA) [538], in which adsorption is carried out around
atmospheric pressure and the adsorbent is regenerated under vacuum.

- Temperature swing adsorption (TSA) [539]: here, adsorption, which is a typically exothermic
process, is carried out at low temperature, then the adsorbent is regenerated by heating.

- Combined temperature-pressure swing approaches [540,541].

So far, PSA operation has found the significant application for VOC recovery [542], thanks to the
shorter operation cycles, lower risk for flammability and lack of requirements for heat exchange
equipment and utilities, but is negatively affected by the more complex operation, limited bed size
allowed and high degree of vacuum that may be required for effective adsorbent regeneration.
Nonetheless, PSA has already successfully been applied to VOCs recovery from hydrocarbon storage
tanks [543,544].

2.2.5-Combined approaches

Each of the above-mentioned technologies displays its own advantages and criticalities. Much
attention has thus been dedicated in literature to the study of combined separation processes that strive
to combine them in order to cover for their respective weaknesses and improve the overall
performance of the separation process. Gupta et al. suggested through a modeling study that
condensation could be used as an effective pretreatment to adsorption, lowering the complications
related to excessive temperature increase in adsorption column due to release of adsorption heat and
improving VOCs abatement [545]. For such a combination, Liang et al. recently estimated a
promising 99.2% abatement efficiency, with a payback time of 2.3 years [546]. Membrane based
separation has been also evaluated to be used in combination with condensation, proving particularly
efficient for the separation of lower boiling point substances [547]. Pervaporation membranes have
also been proposed as a more energy efficient alternative to stripping for solvent regeneration in liquid
adsorption processes [548]. Membranes could also be used as effective pre or post treatment for
adsorption processes [549]. Nowadays, the most common solution for vapor recovery is the
combination of adsorption and absorption processes [35,498], shown in Figure 29 in its simplest form.
The gaseous mixture to abate is first fed to one of two cyclically operating adsorption beds, from
which purified air is obtained, while the other bed undergoes regeneration (either temperature or
pressure swing and with or without the use of purge gas) the gaseous stream from the regenerating
bed is sent to the adsorber, where liquid feed from the tank is used to reabsorb remaining VOCs
content to be sent back to the tank. The gaseous stream exiting the absorber is recycled in the feed to
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the adsorption beds. Periodically the two adsorption beds switch between adsorption and regeneration
phase, ensuring that outlet gas purity is maintained stable during the operation. This approach has
seen different patents deposited along the years [550-552] and has seen successful commercial

application, such as in the SORBATHENE™ process proposed by DOW [553].
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Figure 29: typical configuration for and adsorption-absorption combine VRU. AB=adsorber bed,
F=feed valve, R=VOC recovery valve, P=purge valve, A=purified air valve.

2.2.6-Final remarks on Vapor Recovery Units and separation technology

VOCs emissions are a growing concern in all industrial processes, with refineries being the most
critical source of emissions. Considering the international goals imposed on the reduction of
environmental impact of human activities and the significant danger to human health caused by
exposure to dangerous levels of VOCs around the world, it is evident that the development of effective
abatement technologies is of crucial importance. Membranes offer interesting opportunities for
selective separation of VOCs; however, they are still mostly unable to provide sufficiently stable
performance for industrial scale separation over prolonged operation times. Liquid absorption was
one of the first developed techniques for VOCs recovery, but nowadays it is generally unable to meet
abatement requirements when used on its own, and the use of external solvents is impractical in VOC

recovery from storage tanks. Cryogenic separation is technologically mature, but it faces limitations
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in the high energy requirements of the refrigeration cycle and in the difficulty of condensing the
lighter VOCs and operating on less concentrated components. Adsorption can achieve effective
abatement of components even in the ppm concentration range, but it is limited by slow heat exchange
in the case of TSA and by complexity of vacuum swing operation.

The combination of separation technologies therefore appears as the best approach to obtain
optimized performances. Among the available alternatives, the coupled PSA-absorption process
appears today as the most promising and developed solution. However, criticalities remain in the
design and optimization of such a process. Particularly, adsorption of multicomponent mixtures is a
complex phenomenon, with competitive effects between mixture components deeply affecting the
performance of columns. As of now, while standardized approaches exist for the design of single
component adsorption column [554], no such criterium can be readily applied to multicomponent
separation. As such, the following section will deal on the modeling of a multicomponent adsorption
bed meant for application in an adsorption-absorption VRU, using the commercial Aspen

Adsorption™ software, with the purpose of obtaining useful guidelines for process optimization.

108



2.3-Numerical simulation of multicomponent adsorption of VOCs on

activated carbon solvent for the treatment of oil storage tank emissions

2.3.1-Scope of the activity

As mentioned in Section 2.2, the design of multicomponent adsorption processes is a complex task.
To start with, in order to properly dimension the adsorption column, it is necessary to have data on
the adsorption capacity of the selected adsorbent material in a range of variable operating conditions;
in particular, the adsorption isotherms for the various gas species on the selected adsorbent need to
be known in the operational range of pression and temperature. While experimental data is available
for adsorption of some hydrocarbon mixtures on different adsorbents [555-557], it is impossible to
test every possible adsorbent-gas mixture pairing. Since obtaining experimental data for each design
case would be prohibitively expensive and time consuming, the use of reliable numerical models is
essential for the development of such processes [558], allowing to properly assess the influence of
process parameters on performance and offer optimized designs. The simulation of adsorption
processes for gas separation has received significant interest in literature. For example, already in
1968 Chen et al. proposed the use of computer simulation for studying the scale up of adsorption
columns [559], evidencing the fundamental advantages of this approach. Chung et al. described a
simplified methodology for assessing PSA performance based on the assumption of batch operation
in the adsorption and desorption steps [560]. Nilchan and Pantelides studied the optimization of
periodic adsorption process and developed constraints and boundary conditions allowing to account
for cyclical operation and interaction between multiple beds [561]. Da Silva et al. also produced a
general package for modeling cyclical adsorption-desorption processes [562], addressing both
adsorption and mass transport mechanisms, and used it to evaluate separation of propylene/propane
and paraffines mixtures using TSA and VSA processes. Argawal et al. studied the optimization of a
PSA process for hydrogen purification using a simplified Reduced Order Model [563]. Most recently,
hydrogen purification [564] and carbon capture [565] have been two of the most significant
applications for adsorption simulation and optimization. VOCs adsorption has also received
considerable interest [S66—569], however, the use of simulations for the recovery of VOCs from
hydrocarbon storage tanks has been scarcely reported in literature [570,571].

Thus, in the present work the commercial software Aspen Adsorption™ [451] is used to model a
multicomponent adsorption column to be used in a VRU and evaluate the effects of process
parameters on its operation, with the purpose of obtaining guidelines for the optimization of its design.

Optimization of column size and operating pressure is performed taking into account the competitive
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effect of multicomponent adsorption. To support model development, an extensive literature review
of available adsorption datasets for activated carbon, zeolites and silica adsorbents has also been
performed, representing to the author’s knowledge one of the few extensive compilations of
adsorption data for these adsorbents. Based on the current work, gaps in available adsorption data are
evidenced, and future research may be oriented to gather the missing information and enhance
modeling activities for adsorption processes. Furthermore, experimental data should be gathered to

provide extensive validation for the model.

2.3.2-Material and methods
2.3.2.1-Literature review of adsorption data for VOCs

In order to obtain an accurate simulation of the adsorption process, it is essential to have reliable data
on the adsorption capacity of the desired adsorbents for the desired compounds to abate. Therefore,
the first step of this work consisted on an in-depth literature search to construct a database of
adsorption data for VOCs on different adsorbents, namely on zeolite, activated carbons and silica gel.
Since the dependence of adsorption capacity on temperature in general plays a crucial role in
adsorption processes, the collected data was restricted to papers reporting isotherms at least two
different temperatures for each substance, also allowing for the evaluation of adsorption heat. The
Langmuir 3 isotherm option of Aspen Adsorption™ was chosen to represent sorbent capacity, being
a simple model capable of accurately displaying the dependence of adsorption capacity on both

temperature and pressure.

1P
(1P1k—1P2k-T)-1P3i-exp(%)-Pk)

Qadsk = (38)

(1+1P3g-exp(Tnk) Py
Where IP1, IP2, IP3 and IP4 are the adsorption parameters of species k. Each set of experimental data
was thus refitted to this equation to obtain the adsorption parameters, independently of the original
isotherm used in literature. The fitting was performed using the Linear Least Squares approach,
implemented both through the internal Solver function of Microsoft Excel™ and through aptly

written Matlab™

scripts. In addition to hydrocarbons VOCs, adsorption data for both nitrogen and
oxygen was also collected and fitted to the Langmuir 3 isotherm, as to also consider their presence in
the complete model. Adsorption heat was determined taking into account the Clausius-Clapeyron

relationship [572] and the Langmuir 3 isotherm:

AH — _RT?2 (9ln(Pk)) — _RT2+ —IP1*IP 4y +IP4yx(IP2)*T+qqqs k)~ P2 ¥T> (39)
adsk T /g4 T2%(=IP13+IP2*T+qags )

To simplify the model, the temperature-averaged adsorption heat calculated at zero load was used as

constant adsorption heat in the simulation of the adsorption process. The average was carried out for
110



each available dataset, according to their reported temperature range. The collected literature data
was also employed to determine the adsorbent to simulate in Aspen Adsorption™, with selection

falling onto the adsorbent with the greatest availability of reliable adsorption data.

2.3.2.2-Mathematical model and simulation of the adsorption process

The numerical model for adsorption was implemented according to the options available in the Aspen
Adsorption™ software [451]. The software models adsorption by solving continuity, energy and
momentum balance equations for all the phases and compounds involved. Detailed discussion of the
equations used by the model is reported in the Appendix. Briefly, the assumptions made when
modeling PSA operation are as follows:

e The column operates in a one-dimensional plug flow regime, therefore radial and axial
dispersion terms in mass balance were excluded. The bed has been divided into 10 calculation
nodes, as a compromise between calculation speed and detail of bed profile.

e The column is considered adiabatic, having no heat exchange with the external environment.

e Conductive heat transfer and adsorbed species contribution to heat exchange are considered
negligible, with heat transfer in the column depending mainly on convection.

e No reactions occur, with adsorption being purely physical.

e Ergun equation is used for estimating the gas pressure drop through the fixed bed.For the
purpose of simulation, the bed has been divided into 10 calculation nodes, as a compromise
between calculation speed and detail of bed profile.

e The physical and chemical properties of the gas phase were obtained from the internal library
of the software and the Peng-Robinson equation was chosen as equation of state for the gas
phase.

e The mass transfer coefficients for the linear driving force model are calculated under the
hypothesis of pore diffusion being the limiting resistance to mass transfer, using the functional
groups based model of Fuller et al. [573] to calculate the diffusion coefficients and linear
driving force mass transfer coefficient for each gaseous species.

e The heat of adsorption of each species was considered constant and independent of adsorbed
load and temperature. The values obtained for zero load from equation 39 are used in the
simulation.

Figure 30 shows the scheme of the process used in the simulation. The bottom and top voids of the
bed were modeled according to the bed dimension to simulate the bottom and top of the column,
while the gas voids blocks named Feed void, Recovery void, Purge void and Product void were

simply inserted to ease the solving process by numerically decoupling the feed regulating valves
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(V_feed, V_purge, V_product, V_recovery) from the valves controlling cyclic operation (V11, V12,

V13, V14), as recommended by the software instructions.
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Figure 30: scheme of adsorption columns used in simulation.

When considering the adsorption of a mixture of compounds, the pure component isotherms are no
longer valid to estimate the real behavior of the column. To deal with mixtures, Aspen Adsorption™
offers two main strategies, the extended Langmuir (EL) model, which computes mixture isotherms
starting from the isotherms for the pure component, and the ideal adsorbed solution theory (IAST),
which models the adsorption considering the adsorbed species as an ideal solution and calculates their
equilibrium according to their fugacity. Both of these approaches were tested and their results
compared to assess their performance. The equation for EL model applied to Langmuir 3 isotherm

for species k is as follows:

((IPlk —IP2j-T)-IP3; exp( )Pk)

(1+2i1P3i-exp(T')-Pi)

q ads,k — (40)

On the other hand, IAST works by equating the chemical potential between gas (Jigs) and adsorbed

phase ([ads) and calculating the species spreading pressure (IT) as function of the selected isotherm:

Haasi = HY(T) + RTIn (PUIN) + RT In (yiex;)) = p(T) + RTIN(eP) = fgase (41)
AR _ (P feq(T.P.IP)
= fo — dP (42)
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Where feq(T,P,IP) is the pure component adsorption isotherm equation, with IP as the isotherm
parameters vector. For a more complete description you may refer to the internal software manual
Aspen Adsorption™,

The base design parameters for the bed dimensions were determined on the basis of adsorption of
pure components, with a safety factor applied to account for the competition between the compounds.
The inlet feed flowrate of the stream to be purified in the simulation runs is based on data for a real
case scenario of storage tank loading in a refinery railway loading terminal (the data used is similar
but does not exactly replicate the actual case scenario data due to non-disclosure agreement with the
data provider, this thesis’s author and Duemme Engineering company), while the feed composition
is based on the composition of gasoline vapors reported by Kalay et al. [34]. The complete inlet

conditions are presented in Table 7.

Table 7: inlet conditions for the adsorption process.

Inlet composition (molar fraction)
N, 0.474
0 0.126
Propane 0.015
2-Methylpropene 0.08
Butane 0.1
Pentane 0.14
Hexane 0.06
Benzene 0.005
Inlet conditions
Flowrate (m3/h) 849
T (K) 313.15
P (bar) 1.1

2.3.5-Results and discussion

2.3.5.1-Results of literature search of adsorption data

In general, the Langmuir 3 isotherm provided a good fit for most of the available data, confirming it
as a good choice for representing adsorption. The complete literature review of data collected for
activated carbon adsorbent is reported in Table 8, Table 9 reports data for zeolite adsorbents and

Table 10 reports data for silica adsorbent.

Table 8: adsorption data for N2, Oz and hydrocarbon VOCs on activated carbon adsorbent.

Adsorbent Substances P range (bar) T range (K) ‘ Source ‘
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CENTAUR activated
carbon
BPL Activated carbon
F30 470 Activated
carbon 0O2,N2, CH4 0-38 283-323 [574]
WS42 Activated
carbon
CMSI1 Activated
carbon
Kuraray activated
carbon
02, N2 0-10 293-323 [575]
Kuraray carbon
molecular sieve
0-80 (N2, CH4)
Norit RB 2 Activated
0-20 (ethane)
carbon
0-7 (propane)
0-60 (N2, CH4
Chemviron AP 4-60 ™ )
N2, CHy, ethane, 0-30 (ethane)
Activated carbon 300-400 [576]
propane 0-7 (propane)
0-60 (N2)
Saran highly activated 0-40 (CH4)
carbon 0-20 (ethane)
0-8 (propane)
BPL activated carbon
(Calgon Carbon)
F-600 activated
carbon (Calgon
Carbon)
OLC activated carbon
(Calgon Carbon)
02, N2 0-6 283.15-363.15 [577]
NZ activated carbon
(Activated Carbon NZ
LTD)
Activated Carbon
Cloth (Spectracorp)
M-30 activated carbon
(Spectracorp)
Steam-activated
Ethane, propane,
carbon RX 1.5 Extra 0-0.01 193.15-293.15 [578]
. butane
(Cabot Corporation)
) CHa, ethane, 0-90 (CHa)
Activated carbon
propane, 2- 0-30 (ethane)
grade RV950G (R.V. 293-358 [579]
) methylpropane, 0-5 (propane)
Corporation)
pentane, hexane 0-2 (2methylpropane)
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0-0.4 (pentane)
0-0.1 (hexane)

BPL F-3 activated

carbon (Cargon Butane 0-0.35 298.15-328.15 [580]
Carbon Corp.)
Activated carbon Type 0-1 (ethane)
) Ethane, butane,
976 (Ajax chemical 0-0.6 (butane) 283.15-423.15 [581]
pentane
company) 0-0.2 (pentane)
303.15-325.15 (propane, butane)
) ) Propane, butane,
Ajax activated carbon 0-0.1 313.15-333.15 (hexane) [582]
hexane
G-BAC Kontisorbon
Activated carbon
Benzene 0-0.6 323.15-423.15 [583]
(Kurea Chem. Ind.
Co.)
Coal-based extruded 0-80 (CHa)
activated carbon CHa, ethane, 0-40 (ethane)
) 284-325 [584]
(Sutcliffe Speakman propane, butane 0-14 (propane)
Carbons Ltd.) 0-4 (butane)
Cylindrical activated
carbon grains
Butane 0-0.9 268.15-358.15 [585]
produced by an
extrusion process.
Vulcan 3G activated
Propane, propene 0-1 273-313 [586]
carbon
0-1 (CHa, hexane)
BPL SS no.2 CHa4, propane, 250-350 (CHa4, propane, butane,
0-0.25 (propane)
(Pittsburgh butane, pentane, pentane) [587]
) 0-0.2 (butane)
Chemical Company) hexane 273-298 (hexane)
0-0.05 (pentane)
Ajax Activated carbon Butane 0-1.2 283.15-423.15 [588]
Activated carbon CO2, CHa4, 0-1 (CO2, CH4, ethane)
Fiber KF-1500 ethane, propene, 0-0.7 (propene) 273.15-323.15 [589]
(Toyobo Co., Ltd.) 2-methylbutane 0-0.45 (2-methylbutane)
Activated carbon
produced from
Benzene 0-0.000014 293-323 [590]
Elaeagnus
angustifolia seeds
Coal derived activated
carbon (China
Hexane 0-0.6 288.15-318.15 [591]
Activated Carbon
Industries Co.)
Coconut-shell granular
activated carbon m-
Benzene 0-0.09 303-328 [592]

GAC (Liyang Tianlun

Environmental
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Materials Ltd.)

Activated Carbon

) ) CHa, ethane, 0-6 (CHa, ethane)
(Singapore Refining 0-14 (p ) 299.15-338.15 [593]
ropane -1.4 (propane
Co. Ltd.) prop P
F30/470 Activated 0-2 (2-methylpropane, 1-butene)
2-methylpropane,
crbon (Chemviron 0-2.5 (butane) 278-303 [594]
butane, 1-butene
Carbon).
F30/470 Activated 5 vl 025 (2 vl )
-methylpropene, -2.5 (2-methylpropene
crbon (Chemviron P Ap Y p. P 278-303 [595]
1,3-butadiene 0-3 (1,3-butadiene)
Carbon).
F30/470 Activated Propane, 0-8 (propane)
crbon (Chemviron propene, 0-9 (propene) 278-303 [596]
Carbon). propadiene 0-4 (propadiene)
BPL activated carbon 0-6 (CHa, ethane) 273.15-348.15 (CHa, ethane)
CHa, ethane,
(Calgon Carbon 0-2.5 (butane) 298.15-348.15 (butane) [597]
butane, hexane
Corp.) 0-1 (hexane) 298.15-423.15 (hexane)
Microporous activated CHa4, propane, 0-18 (CHa, propane) 373.15-423.15 (CHa4, pentane) [598]
carbon (Ecosorb) pentane 0-14 (pentane) 303.15-423.15 (propane)
Activated carbon fiber
Benzene 0-0.12 293.15-323.15 [599]
cloth
Activated Carbon
Cloth from Tencel® 0-0.2 (hexane)
(lyocell-based fabric) 0-0.012 (benzene) 273-298
precursor, synthesis at 0-0.025 (toluene)
864°C Hexane, benzene,
[600]
Activated Carbon toluene
Cloth from Tencel® 0-0.2 (hexane)
(lyocell-based fabric) 0-0.012 (benzene) 273-298
precursor, synthesis at 0-0.02 (toluene)
963°C
BPL granular carbon 0-1 (ethane)
Ethane, propane, 273-323 (ethane, propane)
(Calgon Carbon 0-1.2 (propane) [601]
hexane 298-398 (hexane)
Corp.) 0-0.8 (hexane)
Maxsorb III activated
carbon (Kansai Coke
Butane 0-3 298.15-328.15 [602]
and Chemicals Co.
Ltd.)
BPL activated carbon
(Calgon Carbon Pentane 0-0.06 273.15-448.15 [603]
Corp.)
SLG-2PS activated
carbon (Dong Yang Hexane 0-0.12 298.15-318.15 [604]
Company)
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Ajax-activated carbon
) 0-0.12 (benzene) 303-423 (benzene)
type 976 (Ajax Benzene, toluene [605]
0-0.035 (toluene) 303-363 (toluene)
Company)
NucharWV-A 1100 0-0.6 (pentane)
Pentane, hexane,
activated carbon 0-0.18 (hexane) 293-323 [606]
heptane
(MeadWestvaco) 0-0.035 (heptane)
Sorbonorit B4
) 0-0.07 (benzene)
activated carbon Benzene, toluene 303.15-343.15 [607]
0-0.02 (toluene)
(Norit)
Activated carbon fiber
0-0.09 (benzene)
(Toyobo type KF- Benzene, toluene 298.15-348.15 [608]
0-0.035 (toluene)
1500)
Activated carbon
) Butane, 2- 0-1.1 (butane)
(Kureha Chemical 298-393 [609]
methylpropane 0-1.2 (2-methylbutane)
Industry)
Steam-activated
carbon RX 1.5 Extra Ethene, propene 0-0.0125 193.15-293.15 [610]
(Cabot Corp.)
Activated carbon
(Tangshan United Toluene 0-0.35 298-318 [611]
Carbon Technology)
Table 9: adsorption data for N>, O> and hydrocarbon VOCs on zeolite adsorbent.
Adsorbent Substances P range (bar) T range (K) Source
Zeolite 13X APG
Ethane, ethene,
MOLSIV 0-0.0125 193.15-293.15 [610]
propane, propene
(Honeywell UOP)
Zeolite 13X 0-2.5 298-338
Ca exchanged
0-2 313-338
zeolite 13X CHa4 [612]
Mg exchanged
0-2.5 298-338
zeolite 13X
0-0.045 (propane) 297.15-333.15 (propane)
Zeolite NaX 0-0.03 (cyclohexane) 433.15-493.15 (cyclohexane)
Propane,
0-0.016 (benzene) 493.15-533.15 (benzene)
cyclohexane, [613]
0-0.12 (propane) 292.15-323.15 (propane)
benzene
Zeolite NaY 0-0.02 (cyclohexane) 393.15-433.15 (cyclohexane)
0-0.025 (benzene) 473.15-523.15 (benzene)
Propane, propene,
Zeolite 13X 0-1.6 333-393 [614]
2-methylpropane
) 0-1 (butane)
Zeolite 5A Butane, heptane 553-653 [615]
0-0.7 (heptane)
) Hexane, octane, 0-0.04 (hexane)
Zeolite SA 593.15-638.15 [616]

decane, dodecane,

0-0.02 (octane)
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tridecane,

hexadecane

0-0.025 (decane)
0-0.015 (dodecane)
0-0.0015 (tridecane)

0-0.0002 (hexadecane)

N2, CHa, ethane,

0-18 (N2, ethene)

Zeolite 5A 0-16 (CHa) 293.15-313.15 [617]
ethene
0-14 (ethane)
Zeolite 13X N2, CH4 0-10 293-323 [618]
0-0.5 (ethane)
273.15-345 (ethane)
Ethane, propane, 0-0.13 (propane)
323-348 (propane)
Zeolite 5A butane, pentane, 0-0.4 (butane) [619]
323-498 (butane)
hexane 0-0.6 (pentane)
373-573 (pentane, hexane)
0-0.18 (hexane)
0-0.1 (pentane)
Zeolite SA Pentane, hexane 423-573 [620]
0-0.06 (hexane)
0-0.11 (pentane) 523.15-674.15 (pentane)
) Pentane, octane,
Zeolite 5A (Linde) d 0-0.016 (octane) 522.15-668.15 (octane) [621]
ecane
0-0.002 (decane) 523.15-596.15 (decane)

Zeolite 13X CHa4 0-100 273.134-298.15 [622]
Zeolite 5A Hexane 0-0.17 657.15-863.15 [623]
Zeolite SA
(Zeochem)

Zeolite 5SA (HKC

Corp.)
Zeolite 5A (UOP

Co.)

Zeolite 5A (W.R.

Grace)

Zeolite 5A (Tosoh)
N2, CH4 0-30 293-523 [624]

Zeolite 13X

(Zeochem)
Zeolite 13X (HKC
Corp.)
Zeolite 13X (UOP
Co.)
Zeolite 13X (Linde)
Zeolite 13X
(CECA)
Zeolite 5A crystals
Propane, propene 0-1 323-423 [625]
Zeolite 5A pellets
Partially Benzene, toluene, 0-0.07 (benzene)
423-503 (benzene, toluene)
dealuminated ethylbenzene, orto- 0-0.029 (toluene)
o 443-523 (ethylbenzene, orto- [626]
faujasite type DAY xylene, meta- 0-0.016 (ethylbenzene)
] xylene, meta-xylene, para-xylene)
F20 (Wessalith®) | xylene, para-xylene 0-0.014 (orto-xylene)
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zeolite (DEGUSSA

0.015 (meta-xylene)

AQG) 0-0.019 (para-xylene)
Zeolite 13X
(CECA) Propane, propene 0-1.1 303-473 [627]
Zeolite 4A
195 (CHa)
CHa, ethane, 273-323 (ethane)
0-0.037 (CHa)
propane, butane, 303-323 (propane)
0-0.02 (ethane, propane, butane,
pentane, 303-398 (butane)
pentane)
cyclopentane, 273-450 (pentane)
o 0-0.4 (cyclopentane)
Silicalite-1 hexane, 273-443 (cyclopentane)
0-0.016 (hexane)
cyclohexane, 336-448 (hexane)
0-0.10 (benzene, cyclohexane)
benzene, toluene, 323-373 (cyclohexane) [628]
0-0.013 (toluene, ethylbenzene)
ethylbenzene, para- 273-435 (benzene)
0-0.031 (para-xylene)
xylene 323-435 (toluene, ethylbenzene)
323-373 (para-xylene)
Cyclopentane, 303-373 (cyclopentane,
yelop 0-0.43 (cyclopentane) yeop
cyclohexane, cyclohexane)
AlPOs-5 0-0.11 (cyclohexane, benzene)
benzene, para- 273-373 (benzene)
0-0.013 (paraxylene)
xylene 303-373 (para.xylene)
) 2,2 dimethylbutane,
BETA zeolite
. 2,3-dimethylbutane,
(SUD-CHEMIE 0-0.3 423-523 [629]
3-methylpentane,
AQG)
hexane
Zeolite 13X Ethane, ethene 0-6 303-343 [630]
Zeolite SA n-heptane 0-0.06 409-491 [631]
0-4 (propane) 423-473 (propane)
Zeolite 4A (CECA) Propane, propene prop prop [632]
0-5 (propene) 373-473 (propene)
Zeolite 13X Propane, propene 0-5 283-363 [633]
Zeolite 13X CH4, N2 0-10 273-343 [634]
0-18 (CHa4)
Zeolite 5A (Linde)
0-3 (propane)
CHa4, propane 275-350 [635]
. . 0-14 (CHa)
Zeolite 13X (Linde)
0-3 (propane)
) 323-348 (propane)
5A molecular sieve Propane, propene, 0-0.13 (propane, propene)
) 323-448 (propene)
(Davison C-521) 1-butene 0-0.26 (1-butene)
348-448 (1-butene)
5A molecular sieve 0-0.13 (propene) 323-398 (propene)
) Propene, 1-butene [636]
(Davison C-626) 0-0.26 (1-butene) 348 (1-butene)
323-348 (propane)
Propane, propene, 0-0.13 (propane, propene)
Zeolite 5A (Linde) 323-448 (propene)
1-butene 0-0.2 (1-butene)
348-448 (1-butene)
Zeolite 5A (Rhoéne-
n-pentane 0-0.6 373-573 [637]
Poulenc)
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[638]

SA effective pore-

size calcium

microtraps (Davison

Chemical Co.)

Ethane, ethene,
propane, propene,

butane, 1-butene

0-0.21

298.15-348.15

Table 10: adsorption data for N2, Oz and hydrocarbon VOC:s on silica adsorbent.

Adsorbent Substances P range (bar) T range (K) Source
Silica gel PA 400 0-2.5 (butane)
Butane, pentane,
(Davison Chemical 0-0.8 (pentane) 283-303 [639]
hexane
Co.) 0-0.25 (hexane)
Silica gel (Davison
) Butane 0-0.045 303.15-33.15 [640]
Chemical Co.)
Silica Gel (Singapore CHa, ethane, 0-6 (CHa, ethane)
) 299.15-338.15 [593]
Refining Co. Ltd.) propane 0-1 (propane)
CHa, ethane, 0-35 (CHa, ethene)
o ) ethene, propane, 0-32 (ethane)
KC silica gel (Kali- )
) propadiene, 2- 0-10 (propane) 278-303 [641]
Chemie AG) .
methylpropane, 0-4.5 (propadiene)
butane 0-2.2 (2-methylpropane, butane)
Silica gel grade 9385 CH4 0-100 273.156-323.156 [642]
Silica gel CHa4 0-0.4 152.4-175.2 [643]
Silica gel (Davison
) Ethene 0-1 273.15-499.15 [644]
Chemical Co.)
Silica gel (Jiyida
Silica Reagent Toluene 0-0.35 298-318 [611]
Factory)
Benzene, 0-0.24 (benzene)
Microporous SiO2 toluene, para- 0-0.19 (toluene) 523-473 [645]
xylene 0-0.16 (para-xylene)
Silica gel Propane 0-0.077 298.15-363.15 [646]
Commercial grade
silica gel N2 0-1 293.15-313.15 [647]
(ZEOCHEM)
Silica gel, high area-
narrow pores (Grace
Davison)
Propane, propene 0-1 303-343 [648]
Silica gel, low area-
wide pores (Grace
Davison)
Silica gel
(Davison Chemical Hexane, benzene 0-0.024 343.15-403.15 [649]
Co.)
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Nanoporous MCM-41
Silica with different

pore sizes

Hexane

0-0.54

303-323

[650]

Observing the available data, it is immediate to notice that there are remarkable differences in the

adsorption capacities reported for the different kinds of activated carbon. Figure 31 for example

shows the obtained interpolated isotherms for butane and hexane on the different carbon adsorbents

reported in literature: while a most isotherms for both compounds are grouped close together,

displaying somewhat similar capacities between different carbons, the gap between many of them is

still quite noticeable and some appear to be complete outliers compared to the other isotherms, such

as the case of the adsorption isotherm of Saha et al. 2008 for the adsorption of butane. For silica gel,

availability of adsorption data was limited compared to the other adsorbents.
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Figure 31: interpolated adsorption isotherms of butane and hexane at 298.15 K for the different

activated carbon adsorbents reported in literature.

It should be noted, that the difference in isotherms between different kinds of zeolite appeared in
general to be much more marked compared to the difference between different kinds of activated
carbon. This is likely attributed to the much more ordered pore shapes and sizes of the crystalline
zeolite structure contributing to a significantly greater difference in adsorption mechanism and
capacity, compared to the amorphous nature of activated carbon. It is also essential to notice that no
adsorbent was found for which a complete set of adsorption data existed for each VOC of interest for
the purpose of this simulation on any of the reported adsorbents. Thus, for the purpose of the
simulation, approximation was needed. Activated carbon was chosen as the adsorbent to simulate,
both thanks to its common use in actual industrial applications and to the abundance of adsorption

data available; the adsorption parameters were selected considering a fictional activated carbon
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obtained by combining the adsorption data of similar activated carbons as to have a complete
adsorption parameter set, which is reported in Table 11. Since adsorption data for 2-methylpropene
was not available in literature, its adsorption was approximated with adsorption parameters for 2-

methylpropane.

Table 11: adsorption parameters and enthalpies for the simulation of cyclical PSA on activated carbon

adsorbent chosen for process simulation.

Substance IP1 P2 IP3 IP4 AH (MJ/kmol) Source

N, 0.0096591 | 2.09E-01 | 0.0073265 | 830.94 -12.36 [575]

0 0.0136670 | 3.06E-01 | 0.0044757 | 873.25 -13.34 [575]
Propane 0.0105280 | 1.96E-01 | 0.1013600 | 1363.2 -14.98 [579]
2-Methylpropene (*) | 0.0086259 | 1.54E-01 | 0.2172200 | 1420.0 -15.12 [579]
Butane 0.0099548 | 1.77E-01 | 0.2839500 | 1486.8 -15.63 [595]
Pentane 0.0068349 | 1.16E-01 | 0.5588300 | 2026.7 -19.82 [579]
Hexane 0.0067095 | 1.15E-01 | 0.6586300 | 2057.1 -20.12 [579]
Benzene 0.0084317 | 1.35E-01 | 0.0723410 | 3388.6 -30.80 [600]

(*) parameters for 2-methylpropane are used due to lack of data in literature.

2.3.5.2-Simulation of adsorption

From the adsorption data obtained from literature, a base design of the adsorption column was
obtained considering the required mass for the total capture of all the VOCs present in the current.
To limit column height requirements, the feed stream was divided equally between two identical
columns working in parallel, each handling half of the total feed, for a total of four beds (two in
adsorption and two in regeneration cyclically alternating). The initial setup of the column used in the
simulation is thus reported in Table 12. The estimates for adsorbent sphericity (¢) and bed void
fractions were obtained from the correlation of Kunii & Levenspiel [651]. The bed was assumed to
start the adsorption saturated in air, with no hydrocarbon present. A countercurrent air purge was used
to enhance bed regeneration, as previously suggested by Liu et al. [570] in their own simulations,
where they evidenced how using carrier gas for column pressurization avoided early saturation of the
adsorbent and noticeably improved adsorbent performance and lifetime. A four step Skarstrom cycle
[652], consisting of pressurization, adsorption, depressurization and regeneration, was chosen for the
column, as the simplest operation cycle possible for a PSA column. The adsorption step length was
set at 20 minutes, according to guidelines provided by Huang et al. [653] indicating that adsorption
step should last no longer than 30 min, and the regeneration step had the same length. Adsorbent
specific heat capacity and gas phase heat conductivity constant were left at the default values of Aspen

Adsorption™, as realistic values for simulation. The emission limits to respect for each case scenario
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were that the total outlet concentration of VOCs could not surpass 10 g/Nm? and that benzene outlet

concentrations could not surpass 0.001 10 g/Nm?.

Table 12: adsorption column base design parameters. The mass transfer coefficients are obtained

according to [573].

Colum base design parameters

Hp (m) 6.4
Dy (m) 2
€ 0.42
€ 0.47
ps (kg/m3) 1584.91
ro (M) 0.003
o) 0.74
Cps (MJ/(kgxK)) 1.00E-03
Gas phase heat conductivity, k; (MW/(mxK)) 1.60E-07
ap(1/m) 580

Process base design parameters

Adsorbent Activated carbon
Air purge flowrate (m3/h) 28.40
Adsorption pressure (bar) 1.01
Regeneration pressure (bar) 0.05
Starting column temperature (K) 313.15

Starting column atmosphere

Pure air (79% vol. N3, 21% vol. O,)

Cyclic step time (s)

Adsorption/regeneration step 1200
Pressurization/depressurization step 90
Emission limits for purified current
Total VOCs concentration <10 g/Nm3
Benzene concentration <0.001 g/Nm3

Mass transfer coefficients for linear driving force model (1/s)

N> 0.0750987

0, 0.0707302
Propane 0.0597866
2-Methylpropene 0.0520837
Butane 0.0520966
Pentane 0.0468020
Hexane 0.0427559
Benzene 0.0449781

Once the column initial design was selected, the first thing that was evaluated was the model to use
for adsorption of mixture. Figure 32 shows the comparison of results between Extended Langmuir
model and TAST simulation for a prolonged cyclical adsorption simulation. It can be immediately

124



seen that for the simulated mixture, the difference between the two models is negligible. The two
models effectively predict the same results in terms of VOCs adsorbed load, gas outlet composition
and internal column temperature. Therefore, for the following simulations, the Extended Langmuir

model was chosen as the approach to mixture isotherm simulation, as it is the computationally less

intensive approach.
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Figure 32: comparison of column internal adsorption profiles at different process time when
multicomponent adsorption is simulated with Extended Langmuir (EL) or Ideal Adsorbed Solution
Theory (IAST). Each node corresponds to 0.64 m of column height.

A 1-month (30 days) run was thus performed to assess the performance of the base column design,
with Figure 33 displaying its results. The outlet gas concentration profile is presented in Figure 33a.
It is immediately apparent that the column as designed is well able to meet the emission limits
requirements within the 1 month of operation, greatly exceeding the required performance. The outlet
concentration of all substances remains within the ppm range within the whole period, with near zero
benzene emissions. However, it is apparent that the efficiency of the column is indeed decreasing
over time, as shown by the increase in outlet concentration of all substances over time. As expected,
the first substances to become noticeable at reactor outlet are the lighter hydrocarbons propane, 2-
methylpropene and butane, who all appear within 5 days of operation. On the other hand,
breakthroughs of pentane and hexane occurred only after 10 operation days, once they have gradually

started to displace the lighter compounds in the adsorbed bed. Benzene breakthrough is not observed
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in the current conditions, as expected from the low concentration of benzene in the inlet feed and the
high adsorption capacity of the activated carbon. During adsorption, the column reached a maximum
temperature of 70 °C during adsorption, and a minimum temperature of 33 °C during desorption. The
maximum temperature was reached during the first adsorption step, when the column started with
completely fresh adsorbent. The presence of these significant temperature peaks evidences the
requirement of simulating the adsorption as a non-isothermal process, as such a relevant thermal
excursion can greatly affect the adsorption capacity of the column. After initial cycles with significant
temperature gradients, the thermal excursion decreased during the remaining process time, with the
column reaching a thermal cyclical steady state by the end of the simulation period. The total adsorbed
loads in the column are shown in Figure 33b. Looking at the figure, it can be seen that by the end of
the simulation period the total adsorbed loads reached a good level of stability, thus evidencing how
the column is likely to maintain its performance for extended process time. However, it should be
noted that the base column appears overall to be oversized, with the internal profiles of adsorption
showing that by the end of the month, only 40% of the total bed volume has actually participated to
the adsorption, as seen in Figure 33c. While a certain level oversizing is usually accepted as a safety
measure to account for possible inlet feed composition and flowrate changes, excessive oversizing of
the column comports an unjustified increase in the cost of the adsorbent, the column and the vacuum
equipment required for regeneration. Therefore, the following simulations were performed to evaluate
the performance of columns when varying column height, diameter, purge flowrate and regeneration
pressure compared to the base design. All the runs lasted for 1 month and only one parameter effect
at a time was assessed, with the other parameters remaining constant. At the end of each simulation,
the final outlet concentration, the adsorbed amounts and the internal adsorption profile of the bed
were compared. The effects of the various parameters on the final outlet concentration of purified gas
are reported in Figure 34-37. Outlet concentration is reported normalized to the inlet feed
concentration, and the parameters are also presented in normalized form, with bed height, bed
diameter and purge flowrate being normalized with respect to their value in the base design, while
regeneration pressure is presented as the normalized pressure difference compared to the regeneration

pressure of the base case design.
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Effect of column height

1.E+01 i
1.E-01 - . Py
1.E-03 - 8 -
— 5]
< 1.E-05 - a
C Sanhadll I B . . <]
Ug "'5'-:.: ____________ 4 @
L 1E07 - T I I S S [ A
L
g 1.E-09 A
o
1.E-11 4 o o)
e}
1.E-13 -+
¢]
1 E'15 L) L) L] L] L] L] L] ? 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
H/Hbase (')
® propane @ 2-methylpropene n-butane  ® pentane hexane  ®benzene @TOTAL (no benz)

Figure 34: effect of variation of column height on the normalized outlet concentration after 30 days
of continuous operation. Y-axis in log scale.
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Effect of desorption pressure
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Figure 34 shows the effect of reducing column height compared to the base design. As expected, a
shorter column leads to a higher outlet concentration. Interestingly, the final outlet concentration of
all substances showed a power law dependence of the kind y=Axx® with respect to the height of the
column. Power law dependence is also seen in the case of diameter variation displayed in Figure 35.
It should be noted that both decreasing column height and decreasing diameter have the effect of
reducing the column volume, therefore the mass of the adsorbent involved, likely explaining the
similar relationship. However, a percentage variation of column diameter has an overall greater
impact on outlet concentration compared to similar percentage variation of bed height, likely as a
combined effect of both the higher variation of volume associated with diameter variation compared
to height variation and of the increase in gas velocity resulting from the reduction of diameter. A 50%
decrease in diameter leads to a 5 orders of magnitude variation of the outlet concentration, while a
50% reduction in column height only leads to a difference in outlet concentration of 1 to 2 orders of
magnitude. Figure 36 on the other hand shows an exponential relationship of the kind y=Axexp(Bxx)
between the outlet concentration and the difference in regeneration pressure. While as expected
increasing the regeneration pressure overall lowers the efficiency of capture, with higher
concentrations seen at the end of the simulation, in the considered process conditions regeneration
pressure appears to have a limited effect on the outlet conditions, with a 90% increase in regeneration
pressure leading to only a 1 order of magnitude increase in outlet concentration, a much more limited
effect compared to that of variation of column height and diameter. Finally, according to Figure 37,
the effect of purge flowrate was the least relevant among the parameters evaluated, with a variation
of less than 1 order of magnitude for the outlet concentration of most substances. It should be noted
that in all the cases observed, benzene displayed slightly different behavior compared to the other
VOCs. This may be due to its much lower concentration in the process feed, leading to greater
uncertainty in the results for this compound as they could be more easily affected by numerical errors.
Table 13 reports the bed utilization percentage for all case scenarios. It is apparent how purge flowrate
does not appear to significantly affect column performance, while downsizing column height to 70%
of the base design or diameter to 50% of the base case leads to complete bed utilization, which is
undesired as an oversize-margin is necessary to account for possible feed variability. In conclusion,
in the present case an optimized design could be obtained by reducing column height by 40%, while
increasing regeneration pressure by 90% and reducing purge by 50%. From the available data, such
a design would be able to provide effective VOCs abatement while lowering equipment and adsorbent

cost.
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Table 13: bed utilization percentage for each case study.

Scenario Bed utilization (%)
Base design 40
Height variation
Column 10% shorter 40
Column 20% shorter 50
Column 40% shorter 60
Column 50% shorter 70
Column 70% shorter 100
Column 90% shorter 100

Diameter variation

Diameter 10% smaller 50
Diameter 30% smaller 70
Diameter 50% smaller 100

Regeneration pressure variation

Pressure 10% higher 40
Pressure 30% higher 40
Pressure 50% higher 50
Pressure 70% higher 50
Pressure 90% higher 50
Purge variation
Purge 20% smaller 40
Purge 40% smaller 40
Purge 50% smaller 40
Purge 70% smaller 40

2.3.6-Conclusion and future perspectives

Abatement of VOCs emission is a primary concern for the petrochemical sector, with several
available solutions having been proposed. Adsorption technologies, especially when combined with
a further absorption process, is nowadays one of the most relevant technologies for VOCs abatement
thanks to its high capture efficiency and energy efficiency. However, simulation of multicomponent
adsorption processes is a complex task, especially as the competition between adsorbed species does

not allow to consider pure component adsorption data only for the design of column. Numerical
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simulations can be used to study the optimization of the process without relying on hard to obtain
experimental results. In the present work, an optimization of adsorption process for VOCs recovery
from storage tanks was performed using Aspen Adsorption™ commercial software. The Extended
Langmuir model and the Ideal Adsorbed Solution Theory were shown to provide similar results for
hydrocarbon mixtures, and a detailed literature review was performed to collect adsorption
parameters for use in the simulation. To the author’s knowledge, the present thesis reports the most
complete literature review for adsorption of hydrocarbons on silica, zeolite and activated carbon
adsorbents. However, critical aspects appear from the data collected: namely, availability of
adsorption data shows several gaps. While for some compounds several datasets are available on a
number of adsorbents, many other compounds which could be of interest for abatement do not have
any adsorption data available in the literature. For example, isotherm data for 2-methylpropane had
to be used for 2-methylpropane in the current simulations, as no data was found in literature for the
adsorption of the latter. Many literature datasets report only isotherms at a single temperature, which
are of limited usefulness as the temperature variation occurring during adsorption processes can have
a very significant effect on the performance of the process. Furthermore, significant differences exist
between the various adsorption datasets reported in literature, showing different performances even
between similar adsorbents. This great variability further complicates the utilization of numerical
simulation of adsorption processes, as to obtain the most reliable results one should have adsorption
data on the selected adsorbent at least at two different temperatures for each substance of interest to
be able to correctly model multicomponent adsorption taking into account both temperature and
species competition effects. In the present simulation, a representative activated carbon was obtained
by comparing adsorption data for similar activated carbons adsorbents for which adsorption data was
available for one or more of the VOCs present in the feed, however this is a limited approach and is
only a first approximation of the complete behavior of a possible activated carbon adsorbent. On the
other hand, performing adsorption experiments for each substance on every possible adsorbent would
be prohibitively expensive and time consuming. The author proposes that a possible solution to this
problem could be obtained with the development of reliable models such as quantitative structure—
activity relationship models (QSAR) capable of predicting adsorption capacities starting from
relatively easier to measure physical and chemical adsorbent properties such as surface area, pore size
distribution and surface charge, as well as adsorbed phase molecular structure. Furthermore, the use
of artificial intelligence could be of significant help in this field, with the papers reviewed here as a
possible basis for training and testing datasets construction. Another crucial aspect is that the column
should be designed on the actual composition of the mixture to abate. The present work used a

representative literature composition for gasoline vapors for reference, but in a real case of column
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design should always use real experimental concentration data obtained for its particular case, as
composition of storage tanks vapors can show great variability on the basis of the composition of the
stored oil and the storage conditions. From the simulation of 1-month cyclical PSA column using
Aspen Adsorption™, the design of the multicomponent adsorption column can be efficiently
optimized, and interesting design considerations are observed, namely the final concentration of
VOCs at the end of the simulation showed a power law dependence on both column height and
diameter, while an exponential dependence on regeneration pressure was obtained. Compared to other
parameters, the purge flowrate does not appear to have a significant effect on process performance.
Compared to the starting design obtained from pure component isotherms, column height could be
downsized up to 40%, while regeneration pressure could be increased up to 90% and purge flowrate
could be reduced by 70%, decreasing the overall cost while still meeting the desired abatement
thresholds. Evident thermal effects are observed, especially at the start of operation on a fresh bed,
showing the importance of considering adsorption as non-isothermal for the purpose of column
design. Experimental evaluation of adsorption processes is a complex and time-consuming task, and
numerical simulations may allow to cheaply and quickly investigate process optimization. However,
experimental validation of model results is essential to ensure reliability of numerical predictions. As
such, future work should be dedicated to enhance the availability of multicomponent adsorption data

and experimentally validate the optimization guidelines hereby presented.
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General conclusions

In the last centuries, the development of human activities has greatly impacted our planet’s
ecosystems. The ever-increasing growth of human population and our hunger for resources to fuel
our economies has placed critical pressure on our planet’s capacity to sustain our species and has
brought severe consequences, already showing remarkable damage to the biosphere, with a
frightening number of species being threatened or on the brink of extinction, widespread pollution
and destruction of natural habitat. Global warming due to greenhouse gases emissions in particular is
already showing its dramatic consequences, with extreme climate phenomena already on the rise.
This puts our civilization in front of a critical choice. If we are not able to significantly mitigate our
environmental impact over the next decade, particularly reducing greenhouse gases emissions, the
increase in average global temperature will surpass the point of no return, with drastic consequences
both for the environment and for our own survival. The development of hydrogen economy could
allow us to achieve sustainable energy usage and help us to replace the use of fossil fuels, but
considerable developments are still needed before this can be effectively achieved. With an ever-
decreasing time available to make relevant changes and contain the already ongoing ecological
effects, it is crucial that further research efforts be devoted to the development of this field. Chemical
looping technology can be used to achieve more sustainable syngas and hydrogen production through
reforming and partial oxidation of methane; however, research is still needed to identify optimal
oxygen carriers to use for the process. In particular, more effort should be devoted to the development
of numerical models for the simulation of chemical looping processes, as such models are necessary
to help in process optimization.

While innovative and more sustainable processes need to be quickly developed, on the other hand
conventional processes are difficult to completely replace in a short time. Therefore, in the meantime
it is necessary to ensure that the environmental impact of such processes is reduced to a minimum.
Oil refineries in particular are the most predominant source of industrial VOCs emissions, which are
a severe danger both to the environment and to human health. Therefore, effective and cost
competitive abatement strategies need to be developed. Adsorption is an effective technology for the
separation of gas phases; however, the separation of multicomponent gaseous mixtures is a complex
phenomenon. The use of numerical models can help in optimizing abatement strategy, however,
literature data on adsorption of pollutants presents several gaps that need to be addressed. In this
thesis, a literature review of adsorption data for hydrocarbon VOCs has been presented for silica,
zeolite and activated carbon adsorbents, providing a first database for future research. The use of this
data for the design of an optimized adsorption column has also been examined, obtaining guidelines

for the simulation of such processes.
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As discussed in this thesis, the crucial point for the development of numerical simulations is the
availability of reliable experimental data to validate the models. In both CLR and PSA simulation,
the implementation of numerical simulations likely suffers from the low availability of experimental
data: in the case of CLR reforming, more effort is needed in determining the reaction mechanism of
methane on oxygen carriers in varying operation conditions. At present, the available literature model
for cerium dioxide oxygen carrier kinetics has been found ineffective in predicting quantitatively the
experimental results of the present activity. This can be likely attributed to the incomplete availability
of data in terms of activation energies, reaction enthalpies and kinetic constants, with potential
pathways such as hydride formation being left out of model considerations. Furthermore, the effect
of dopant presence is not considered in current models. As shown by the experimental activity
reported in this thesis, cerium dioxide is an active oxygen carrier for methane reforming, capable of
very selectively oxidizing methane to syngas with minimal carbon formation and good regenerability
even in the case of a chemical looping dry reforming process. However, on its own cerium dioxide
offers limited methane conversion. Use of dopants and supports can enhance the performance of the
carrier, but so far there is limited study on the effect of such dopants on reaction mechanism and
especially reaction kinetics.

On the other hand, PSA simulations can provide an effective tool for process design, however the
current databases of adsorption data are still severely incomplete. The time-consuming experiments
and the great variability in adsorbent structures and possible adsorbed species make the process of
gathering such data a daunting task. The development of predictive models based on functional
groups approach or Artificial Intelligence may thus greatly help in obtaining accurate estimations for
such complex processes. The adsorption data collection presented in this thesis may thus provide a

useful starting point for future developments.
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Appendix: description of Aspen Adsorption models for CLR
and PSA

Aspen Adsorption™ software provides a series of detailed options for the simulation of cyclical
processes in dynamic conditions. As a numerical tool, the main function of Aspen AdsorptionTM is
the numerical solution of mass, energy and momentum balances for each component in all phases,
which is performed for each reaction block included in the simulation.

For both CLR and PSA simulations, a one-dimensional plug-flow regime is considered, therefore the
axial and radial dispersion terms are neglected from mass balances. The mass balances solved by the

software can thus be summed up in the following equations:

a d

Math) | g %k g =0 (43)
ow;

a_VZ - Rsol,i =0 (44)

Where v; is the gas speed in the bed, cx is the gas phase concentration of species k, wj is the
concentration of solid species I, Rsoli is the rate of formation of solid species i and &g is the total bed
voidage. The first term is the convective transport of gas in the axial direction, the second term is the
accumulation of gas in the column, and Jx represents the flux of species k between gas and solid
phase, which is given by the sum of adsorption, solid phase and gas phase reactions:

Jk = Jaask T Jeatreack T Jgasreack (45)
Where Jags,k 1s the physical adsorption rate, Jeatreac,x indicates the reaction rates on the solid surface of
a catalyst and Jgasreack 1S the reaction rate of homogeneous reactions in the gas phase. For both the
CLR reforming model and the PSA model, no homogenous reactions are considered to take place,
therefore Jgas reack = 0 for both cases, leaving:

Jk = Jaask t Jeatreack (46)
In the case of CLR modeling Jcat reac x 18 calculated according to equations 20-26 and 34-37, while for
the simulation of PSA, it is assumed that no reaction takes place (Jcatreac,k = 0). In both cases, physical
adsorption is assumed to follow a Linear Driving Force model:

Jaasx = MTC - (w; —w;) (47)
Where w; is the interfacial concentration of species k and MTC is the mass transfer coefficient. The
mass transfer coefficient is assumed to be constant for both CLR and PSA simulations, but the values
considered are different, as described in the respective sections.

The solid species balance instead involves the formation/consumption of species in the solid phase,

with the rate of formation for each component being calculated according to equations 20-26 and 34-
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37 for the CLR model, while for the simulation of PSA, it is again assumed that no reaction takes

place, therefore Rso1,i=0 for every component.

As per the energy balances, conductive heat transfer is considered negligible for both CLR and PSA
simulation, and the heat resistance of the reactor wall is also neglected. The energy balances thus

become:

0Tgqs ov, 4HW
Cvgvgpg 6 + SBCvgpg ag + P g + HTC - ap (Tgas SOlld) +— (Tgas - Text) + Hr +

0Tgas
pcath,cat # + aHxQHx =0 (43)

oT, P
pscps + ps Zk (AHads,k %) + HTC - ay - (Tgas - Tsolid) =0 (49)

With the first equation describing the gas phase and the second equation the solid phase. In these
equations, pg is the gas phase density, ps is the density of the solid adsorbent, wi is the adsorbed
amount of species k, &;is the interparticle voidage, Ji is the diffusion rate of species k between gas
and adsorbent, Cy; is the isochoric specific heat of gas phase, Cys is the specific heat of adsorbent,
Teas 1s gas temperature, Tsonig 1S solid temperature, Text is the ambient temperature, P is gas phase
pressure, AHags is the adsorption heat of species k, HTC is the convective heat transfer coefficient
between gas and solid, Hyw is the heat transfer coefficient to ambient, Dy is bed diameter, H; is the
enthalpy generation term, aj is the specific area of the solid-gas interface, ay, s the area of the internal
heat exchanger and Qu, is the heat flux to heat exchanger. For gas phase balance, the first term is the
convective transfer along the axial direction, the second term is the accumulation of enthalpy in gas
phase, the third term is the effect of gas compression, the fourth term is the heat transfer from gas to
solid phase, the fifth term is heat exchange with the environment, the seventh term is the enthalpy
accumulation in solid catalytic phase and the last term is heat exchange with internal/external heat
exchanger equipment. The heat transfer coefficient between gas and solid phase (HTC) is estimated

by the software as a function of the Reynolds and Prandtl numbers

Re = % (50)
_ _HCpg
Pr = KaMgas (51)
B {1.660Re‘°'51 if Re <190 (52)
~ 10.983Re~%41 if Re > 190
2
HTC = jCpgugpgyPr 3 (53)

Where L 1s the gas viscosity, Cpg 1s the isobaric heat capacity of gas, kg is gas phase heat conductivity

and Mgas 1s the gas molecular weight.
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The term for heat exchange with the environment is considered only in the case of non-isothermal
CLR simulation, while it is neglected in all other cases.
For the CLR simulation, the enthalpy generation rate is obtained from the heterogeneous reaction

heats (AHR) and reaction rates obtained from equations 20-26:

Hy = & T, AHgty (54)
In the case of PSA simulation, this term is assumed instead to be zero.

Finally, the heat exchange term for the internal heat exchanger is also assumed null for the case of
PSA simulation, while for CLR simulation it is used to approximate the radiative heat exchange of
heat provided by the electric furnace.

Qu, = Un,(Tyas — Tu,) (55)
Where Uy, is the global heat transfer coefficient and T, is the temperature of the heat exchanger fluid
current. The heat exchanger parameters were selected to replicate the effect of electrical furnace in
experimental tests, keeping reactor temperature above 800°C even during endothermic reaction. As
per the solid phase energy balance, the first term represents enthalpy accumulation in the solid, the
second term represents enthalpy generation from physical adsorption and the last term is heat transfer
between solid and gas. The adsorption heats are assumed to be zero for CLR modeling, while their
value has been obtained from literature adsorption data and equation 39 for PSA simulation.

Finally, the Ergun equation is used to model axial pressure drop in the columns.

P _ (1.5-10_3*(1—si)2
Lo (=22 E)
0z (2rp®)°e}

- (1-¢)
uvg + 1.75 - 107My, py zrqugg vgz) (56)

where @ is the particle sphericity, assumed to be 1 for both CLR and PSA simulation.
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Lists of mathematical symbols

reactions between gas and
solid phase

Symbol \ Explanation Units
Parameters
A Surface area m’
a Specific surface area of Um
P adsorbent
Specific surface area of heat )
aH, m
exchanger
C Gas phase concentration kmol/m’
Solid heat capacity (oxygen
Cos carrier for CLR, adsorbent for MJ/(kgxK)
PSA)
Cyg Heat capacity of gas phase MJ/(kgxK)
Oxygen carrier/adsorbent bed
Do . m
diameter
El Activation energy of reaction n MlJ/kmol
feq Isotherm equation -
Height of solid bed (oxygen
Hy . m
carrier or adsorbent)
H., Wall-ambient heat transfer MW/(m?xK)
coefficient
HTC Gas-solid heqt transfer MW/(m*<K)
coefficient
k2 Kinetic constant of reaction n 1/s
Adsorption parameter of
IPLang Henry’s isotherm for CLR -
simulation
Adsorption parameters of
IP1, IP2, IP3, IP4 Extended Langmuir model for -
PSA simulation
M Solid molar mass g/mol
Moas Gas molar mass g/mol
MTC Gas-solid mass transfer s
coefficient
m Carrier mass g
n Flowrate mol/s
n Moles mol
Mass transfer rate of species k
J from adsorbent to gas? phase kmol/(m’s)
Flux of species k physically
Jads k adsorbed from gas to solid kmol/(m?xs)
phase
Flux of species k consumed by
Teat reae.k catalytic heterogeneous kmol/(m?xs)
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Flux of species k consumed by

Jgas, reac, k homogeneous reactions in gas kmol/(m?xs)
phase
) Coefficient for HTC
] calculation )
Gas phase thermal
K C(l;nductivity MW/(m>K)
P Pressure bar
Pr Prandtl number -
Qu, Heat exchanger flux J/(m?xs)
Available oxygen per mole of 1
d adsorbent mo
Jads Adsorbed quantity kmol/kg
Rate Normalized rate of mass loss -
R Universal gas constant J/(molxK)
Re Reynolds number -
I'n Rate of reaction n 1/s
Ip Solid particle radius m
Oxygen carrier particle surface 2
Spar area m
T Temperature K
t Time S
U Heat t}rlansfer coefficient in MW/(m*<K)
eat exchanger
Vopart Solid particle volume m’
Vg Gas phase velocity m/s
Solid phase concentration of
Wk agsorbed species k kmol/kg
Whs Wall thickness m
y Gas phase molar fraction -
AH Enthalpy of CeO, surface-bulk 1J/kmol
equilibrium
AHags Enthalpy of adsorption MlJ/kmol
AHRr Enthalpy of reaction MJ/kmol
Entropy of CeO: surface-bulk
AS P quilibrium J(molxK)
Greek symbols
Y Activity coefficient -
o Carrier reduction extent -
5 Maximum carrier reduction i
e extent
n Oxygen carrier selectivity -
€8 Total bed void fraction -
€i inter-particle void fraction -
€p intra-particle void fraction -
u Gas dynamic viscosity Nxs/m?
s Chemical potential of adsorbed MJ/kmol

phase
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Chemical potential of gas

gas phase MlJ/kmol
00 Standard chemi'cal potential of MJ/kmol
species i
I1 Spreading pressure barxm
Ps Solid phase mass bulk density kg/m?
Cerium oxide molar bulk 3
pce density mol/m
PCess Cerium oxide surface density mol/m?

() Particle sphericity -

X Reagent conversion -

® Mass fraction -

Subscripts
acc accumulated -

b Backward reaction -

C Carbon -
CH4 Methane -

Chromite Chromite -
CeO Cerium dioxide -
CuO Copper oxide -

CO Carbon monoxide -
CO» Carbon dioxide -

f Forward reaction -
FeO Iron oxide -
gen generated -
gas Gas phase -

H» Hydrogen -
H,O Water -
in inlet -
)] Oxygen -
oC Oxygen carrier -
0X Oxidant -
out outlet -
PO Partial oxidation -
REG Regeneration -
solid Solid phase -

Superscripts

b Backward reaction -

C Carbon -

Chromite Chromite -
CeO» Cerium dioxide -
CuO Copper oxide -
CH4 Methane -

CO Carbon monoxide -
CO2 Carbon dioxide -

f Forward reaction -
gen generated -
H> Hydrogen -

H>O Water -
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N Nitrogen
PO Partial oxidation
REG Regeneration
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List of acronyms

Acronyms
ADR Autothermal dry reforming
AEM-WE Anion exchange membrane water electrolysis
AR Autothermal reforming
ASU Air separation unit
ASR Autothermal steam reforming
A-WE Alkaline water electrolysis
BC-WD Biocatalytic water decomposition
BF Biofermentation
CCUS Carbon capture utilization and storage
CL Chemical looping
CLC Chemical looping combustion
CLDR Chemical looping dry reforming
CLG Chemical looping gasification
CLPO Chemical looping partial oxidation
CLSR Chemical looping steam reforming
DF Dark fermentation
DR Dry reforming
DWT Direct water thermolysis
EC-H,SD Electrocatalytic H2S decomposition
EL Extended Langmuir
G Gasification
HHV Higher heating value
H>SR H>S reforming
IAST Ideal adsorbed solution theory
IGCC Integrated gasification combined cycle
IPCC Intergovernmental Panel on Climate Change
LHV Lower heating value
MD Methane decomposition
MOF Metal-organic framework
NMVOC Non-methane volatile organic compound
NTPD-MD Non-thermal plasma driven methane decomposition
NTPDC-MD Non-thermal plasma driven catalytic methane decomposition
oC Oxygen carrier
PC-WS Photocatalytic water splitting
PC-H,SD Photocatalytic H>S decomposition
PD-H,SD Plasma-driven H,S decomposition
PEM-WE Proton exchange membrane water electrolysis
PSA Pressure swing adsorption
PF Photo-fermentation
PO Partial oxidation
QSAR Quantitative structure—activity relationship models
SEM Scanning electron microscopy
SOFC-WE Solid oxide fuel cell water electrolysis
SR Steam Reforming
TC-H.SD Thermochemical HzS decomposition
TC-MD Thermochemical methane decomposition
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TGA

Thermogravimetric analysis

TMD Thermal methane decomposition
TPD-MD Thermal plasma driven methane decomposition
TRC-WS Thermochemical redox cycles water splitting

TRL Technology readiness level

TSA Temperature swing adsorption

UCG Underground coal gasification

VOC Volatile organic compound

VRU Vapor recovery unit

VSA Vacuum swing adsorption

WE Water electrolysis

WGS Water gas shift

XRD X-ray powder diffractometry

2R Dual reforming
3R Tri reforming
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