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Introduction

Introduction

The way the world produces and uses energy is changing dramatically in the 21t century.
Driving this change is a growing understanding of the environmental, economic and social
benefits of switching to renewable energy sources. By moving away from the traditional
reliance on finite fossil fuels, a more sustainable and environmentally conscious energy future
is being explored. For nearly a century, fossil fuels such as coal, oil, and natural gas have been
the world's primary source of energy [1,2]. However, their combustion releases greenhouse
gases into the environment, including carbon dioxide and methane. These gases trap heat
and contribute to global warming, causing climate change, extreme weather and rising sea
levels. The environmental imperative of renewable energy stems from its ability to reduce
greenhouse gas emissions, mitigate climate change, and preserve the planet's fragile
ecosystems. The transition to renewable energy encourages innovation and economic
expansion [3,4]. It motivates spending on manufacturing, R&D and building renewable energy
infrastructure. Renewable energy is becoming more efficient and cost competitive as
technology advances. Solar panels, wind turbines, energy storage devices and biogas have
improved dramatically in terms of performance and cost effectiveness. With these
improvements, renewable energy is becoming a viable and scalable alternative to traditional
fossil fuel-based energy sources [5-7].

Biogas is a promising green and cost-effective energy source that aims at the valorization of
waste materials from various industries. Therefore, the development of biogas plants for
energy production is strongly encouraged [8,9]. Biogas could be produced from
methanization of biomass and organic waste, anaerobic digestion of sewage sludge,
commercial composting, landfills, anaerobic co-digestion of animal manure with energy
plants, etc. [10]. Thus, a variety of feedstocks can be combined with different digestion
techniques, resulting in biogas with different compositions. Besides the main compounds CH4
(35-75%) and CO2 (25-60%), biogas also contains many impurities, including gaseous inorganic
compounds, nitrogen (N2), oxygen (0Oz), hydrogen sulfide (H.S), ammonia (NHs), carbon
monoxide (CO), water vapor (H.0), and numerous volatile organic compounds (VOCs) [11].
These VOCs include linear and aromatic hydrocarbons, terpenes, and siloxanes. Many of these

compounds actively participate in ozone formation reactions and can have many



environmental, health and technological side effects. The upgrading of biogas to biomethane
requires the removal of contaminants in the raw biogas to improve the quality, reducing the
level of impurities to achieve a CH4 content of about 90 to 99%, becoming a fully purified gas
[12,13]. The applications of biogas are the same as natural gas, although it is a 100%
renewable and non-fossil energy source. Many technologies have been tested and applied to
remove impurities from biogas, such as water scrubbing, physical and chemical scrubbing,
membrane separation, pressure swing adsorption, biological methods, etc. [14-17].

Physical absorption is considered to be an appropriate method that meets green technology
and engineering standards [18,19]. Absorbents play an important role in removing impurities
from biogas. Therefore, the development of novel absorbents with high absorption capacity
and high recyclability is mandatory. The suitable absorbent should also have low viscosity,
relatively low toxicity, low vapor pressure, high boiling point, high absorption capacity, and
low cost [20,21]. Water, which combines all of these properties, is typically used in biogas
purification processes, mostly for CO; capture [22,23]. However, since the majority of VOCs
are hydrophobic, water is not the most suitable solvent for these compounds. Therefore,
alternative green solvents are being sought to replace the currently used organic solvents.
The first well-studied alternative solvents are ionic liquids (ILs), which are salts in the liquid
state [24,25].

Recently, a new generation of green solvents, namely deep eutectic solvents (DESs), have also
been successfully used as absorbents for VOCs [26—30]. DESs are a mixture of two or three
chemical compounds that have a lower melting point than each of their pure components
[31-33]. The typical DES components are hydrogen bond acceptors (HBAs), such as
guaternary ammonium salts, combined with hydrogen bond donors (HBDs), such as amides,
amines, alcohols, and carboxylic acids, in various molar ratios. DESs have similar physical and
chemical properties to ILs and have some advantages such as easier preparation, lower cost,
non-toxicity, non-reactivity, recyclability, non-corrosiveness, etc. The properties of DES are
important factors in their applications. Physical solvents such as glycerol, propylene glycol,
and propylene carbonate, which are considered environmentally friendly and green solvents,

have also been studied for VOC or gas absorption [34-40].
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In this context, the aim of the thesis was to evaluate DESs and conventional green solvents as
VOC/CO; absorbers for biogas upgrading with a focus on biogas valorization. The manuscript
is divided into four chapters: The first chapter consists of a state of the art of biogas upgrading
to biomethane and its treatment methods will be presented in the first part. A second part is
focused on the definition of eutectic solvents and an overview of the physicochemical
properties of the most widely used DESs in the literature. The different applications of these
solvents will also be presented. The strategy followed in our study to evaluate DESs and
conventional solvents as VOC/CO, absorbers will also be presented.

The characterization of the studied DES and conventional solvents is presented in the second
chapter. We measured the water content %, viscosities, densities as a function of
temperature, and infrared spectra of DESs and its pure components, as well in presence of
absorbed VOCs.

The third chapter evaluates the absorption capacity of DESs for different pure VOCs and their
mixtures, by determining their partition coefficient between the gas phase and the absorbent,
at different temperatures, concentrations and effects of water. The absorption capacity of
CO2/CH4 in DES was also evaluated. To simulate an industrial absorption column, the
absorption capacity was studied in dynamic bubbling method. This setup allowed us to test
different conditions: Individual VOCs and their mixture, VOC concentration and CO»/CH4
absorption. This brought us closer to the reality of an industrial effluent. Finally, we
determined the absorption capacities of absorbents using an exchanger developed by our

industrial partner (Terrao®).
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Chapter 1 — STATE OF THE ART
I. Biogas origin and definition

Biogas is a renewable energy source produced by the anaerobic digestion of organic materials
such as agricultural waste, animal manure, sewage sludge, and food waste. It has been used
for countless years, with roots in ancient cultures. The first use of biogas to heat bath water
was discovered in Assyria in the 10" century. However, the first scientific studies on the
combustible power of biogas were not carried out until the 18t century [1-3]. In 1884, Ulysse
Gayon, a student of Louis Pasteur, concluded that the gas released from fermentation could
be used as a source of energy for heating and lighting. The discovery and understanding of
the process of anaerobic digestion in the 19t century led to advances in biogas technology.
Sir Humphry Davy, an English chemist, discovered methane as the major component of biogas
in 1808. Later, in the mid-1800s, an Indian civil engineer named Sir John Bennet Lawes created
the first anaerobic digester, often known as a "septic tank," for sewage treatment. Biogas
gained prominence as an alternative energy source in the early twentieth century, when high
oil prices motivated the research for alternative energy sources [3-5]. The first biogas plant
was developed in the United Kingdom in 1901, and similar plants were later erected in other
regions of Europe. Biogas technology advanced further in the 1930s with the creation of the
Kassel gas engine, which enabled the use of biogas as a fuel for internal combustion engines.
In recent decades, due to the outbreak of the oil crisis, countries were forced to restructure
their energy chain, especially considering the availability of non-renewable resources and the
environmental impact of energy production processes [3,5-7]. The future energy matrices
should reflect actions that reduce the burning of oil, natural gas, coal, and fuels of non-
renewable origin. Great efforts and actions by governments are needed to minimize the
concentration of greenhouse gases (GHG) emitted into the atmosphere. For instance, the
Paris agreement determines a global strategy in order to limit the global warming to well
below 2°C. Such negotiation is the main and most up-to-date international agreement against
man-made climate change [8].

In this context, the renewable energies have gained representativity in the energy landscape
thus, favoring the development, dissemination, and application of energy worldwide,

providing a viable alternative to the current situation of scarcity of resources [9—-12]. Rising



oil prices and environmental concerns have rekindled interest in alternative energy sources
such as biogas. Governments and scholars began investigating biogas's potential as a
sustainable energy source [13—15]. Biogas technology has changed over time, and many types
of anaerobic digesters have been developed to improve the efficiency and scalability of biogas
production. Biogas is a promising green and cost-effective energy sources, which aims at the
valorization of waste materials from various industries. The development of biogas plants for
energy production is therefore greatly encouraged [16].

Biogas is a flammable and colorless gas mixture produced by microbial communities,
specifically methanogenic bacteria, during the anaerobic digestion of wet organic materials.
Methanization is a naturally occurring biological mechanism in piles of decomposing organic
matter, anaerobic sediments, or waterlogged soils [17,18]. In biogas manufacturing plants
(anaerobic digester tanks), where the organic feedstocks are ideally from anthropogenic
organic waste: agricultural waste, manure, food processing and food waste, municipal and
domestic organic and green waste, sewage sludge, the methanization mechanism is now
replicated on a large scale. Anaerobic digestion of organic matter produced digestate while
also biogas, which is an advantageous byproduct. This is the undigested organic matter and
(dead) microorganisms found in the solid-liquid fraction that is left over after digestion. It
makes up approximately 90 percent of the volume of organic matter that was first injected
into the digester [19,20]. The digests are being employed as alternatives to artificial fertilizers
in the agricultural sector because they are high in nutrients (nitrogen, phosphorus, potassium,
etc.). The degradable portion of the trash can be anaerobically digested by specific bacteria
in landfills (landfill gas), where the compaction of the waste ensures that there is no oxygen

present [17,21-25].

Il. Biogas production

Biogas production is the process of producing an alternative source of energy, by the
anaerobic digestion of organic waste. It consists of using the natural breakdown of biomass
by microorganisms in the absence of oxygen, such as agricultural waste, animal manure,
sewage sludge, and food waste [19,26—-29]. The gathering and preparation of organic
resources is the first step in the production of biogas. These materials are normally held in an
anaerobic digester (AD), which is a closed container in which the anaerobic digestion process

occurs. Continuous stirred-tank reactors, plug-flow digesters, covered lagoons, and fixed-
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dome digesters are all forms of digesters, each one offering a specific set of advantages and
applications [30,31]. In order to collect organic materials and turn them into biogas, either
large-scale wastewater treatment facilities or small-scale household digesters may be
implemented. The environment's conditions and the technology being used are related.
Environmental factors like humidity and temperature promote the production of biogas. The
leftovers from farming and domestic activities are converted into biogas, which is then used
to produce electricity and heat [32,33]. There are several methods of producing biogas, each
suited to different kinds of organic waste and varying scales of production. Here are some of
the commonly used methods:

e Anaerobic digester (methanization)

e Landfill gas extraction

e Pyro-gasification

Il.1. Biogas Production by Anaerobic Digestion (AD)

AD is a biological process that uses microorganisms to breakdown organic materials in the
absence of oxygen, resulting in biogas production. Methanization, also known as
methanogenesis, is a critical phase in anaerobic digestion in which specific bacteria transform
organic breakdown intermediate products into CHs4, CO, and other compounds [34,35].
Anaerobic digesters are home to complex microbial communities that collaborate to

complete the various stages of organic waste breakdown as shown in figure 1.
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Figure 1. Simplified schematic of an anaerobic digester process.
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Methanogenic microorganisms are essential to the methanization process. These
microorganisms are classified into two groups: acetoclastic methanogens and
hydrogenotrophic methanogens. Acetoclastic methanogens make methane directly from
acetate, a byproduct of organic breakdown, while hydrogenotrophic methanogens produce
methane from hydrogen and carbon dioxide. Each stage of the methanization process is
supported by a certain microbial community. The main 4 stages include (1) hydrolysis, (2)
fermentation or acidogenesis, (3) acetogenesis, and (4) methanogenesis (Figure 2) [36,37].

e Hydrolysis as the first stage of AD, hydrolyzed macromolecules of proteins, lipids and
carbohydrates are broken down (or depolymerized) into smaller molecules such as
amino acids (AA), monosaccharides (sugars) and long-chain fatty acids (LCFA). This is
a slow stage, usually 2 or 3 days, in which the bacteria involved are not very sensitive
to the pH or the redox potential of the medium.

e Inthe second stage, acidogenesis, the hydrolysis products are taken up and converted
to volatile fatty acids (VFAs) such as propionate, butyrate, valerate and others, in
addition to the formation of hydrogen.

e In the third step in acetogenesis, the VFAs are oxidized to acetate, hydrogen, and
carbon dioxide. Acetogenesis is carried out through the action of two types of
bacteria, acetogenic obligate hydrogen producing bacteria, which stimulate the
anaerobic oxidation of VFA to acetate, and acetogenic hydrogen using bacteria, which
produce acetate, as well as propionate and butyrate from hydrogen and carbon
dioxide, thus helping to keep the partial pressure of hydrogen low in the process.

e Finally, in the last fourth stage methanogenesis, two classes of archaea produce
methane. Hydrogen-trophic archaea use hydrogen as substrate and acetolactic
archaea, which are predominant, use acetate as substrate. The efficiency and rate of
biogas production can be influenced by various factors, such as temperature, pH, the
composition of the organic matter, and the presence of inhibitory substances. The
biogas production process is typically monitored and controlled to ensure optimal
conditions for biogas production and to prevent the growth of harmful
microorganisms. The process of methanization, where specialized bacteria transform
intermediate chemicals into methane, the main component of biogas, is an essential

stage in the anaerobic digestion process.
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Anaerobic digesters can operate at their best and produce biogas with minimal waste
by having a thorough understanding of the methanization process and the elements
that influence it. Anaerobic digestion applications for waste management and
sustainable energy production are being expanded, the methanization process is

being further improved, and biogas outputs are being increased [38-40].
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Figure 2. Schematic of the AD process.

11.2. Landfill

Another important source of biogas production is landfill gas (Figure 3). Landfill gas (LFG) is a
mixture of gases that are produced when organic waste, such as food scraps, yard trash, and
other biodegradable materials, decomposes in a landfill [41,42]. In essence, landfills are
sizable locations for disposing of solid trash where waste is placed and covered with soil or
other materials for faster up decomposition and reduce environmental damage. As organic
waste decomposes in an anaerobic (oxygen-free) environment, it produces biogas, primarily
methane, through the spontaneous methanization of the organic (fermentable) fraction of
solid wastes buried and compacted in sanitary landfills. Gas collecting systems are installed
to gather and utilize the biogas produced in landfills. In order to extract gas, these systems
typically comprise wells or pipes strategically positioned within the landfill. Therefore,

sanitary landfills produce more gas than non-sanitary landfills because leachate and rainwater
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are collected at the bottom, and it can be re-injected into the cells to keep the waste hydrated
and further stimulate gas production [24,43,44]. Other factors influencing gas production
include the pH, the kind and age of the wastes, and the temperature in the waste cells (the
higher the temperature, the more favorable for the microbiota, and the more gas produced).
The gas is then collected and delivered to a treatment facility, where it is purified to eliminate
contaminants and enhance its methane content. During the landfill's lifetime, the rate and
content of landfill gas vary. In general, considerable gas production begins 1 to 3 years
following the waste burial, peaks after 5-7 years, and continues at appreciable levels for up
to 20 years. Limited gas amounts may continue to be produced for up to 50 years. The
efficiency and composition of landfill gas might vary based on variables such as waste age and
composition, landfill management procedures, and environmental conditions. To achieve
optimal gas recovery and minimize environmental consequences, landfill gas collection
systems must be monitored and maintained on a regular basis. Due to the vast amounts of
waste generated and degraded in landfills, landfill gas is considered a significant renewable
energy source. The capture and use of landfill gas not only provides a sustainable energy
choice, but also helps with waste management and environmental preservation by lowering
methane emissions, minimizing odor issues, and facilitating the controlled breakdown of

organic waste [25,45].

When landfill is full,
Topsoll layers of soil and clay
Sand \ | seal in trash
Cla; N
y ethane storage”
and compressor
Ourtiage building

Electricity

~., generator

building

Leachate

treatment system
4

Probes to detect
methane leaks .

Groundwater
monitoring
well

Synthetic
liner

Sand

Leachate

Clay and plastic lining well
to prevent leaks; pipes
Clay collect leachate from

Subsoil bottom of landfill
o308

et Cote - Thomaen
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I1.3. Pyro-gasification

Pyro-gasification is a thermal conversion process that converts biomass into syngas, a useful
gas combination. It refers to exposing biomass to high temperatures in a controlled setting,
usually without or with a limited oxygen supply. Pyro-gasification is an effective and
sustainable technique of utilizing biomass, producing syngas that may be utilized for a variety
of energy and chemical applications [46,47]. Pyro-gasification involves a biomass preparation
step, which begins with the processing of biomass feedstock. Biomass can consist of a wide
range of organic resources, including wood chips, agricultural leftovers, energy crops, and
dedicated energy crops. Typically, the biomass is dried to minimize moisture content and thus
improve the effectiveness of the pyro-gasification process.

The pyrolysis stage is where the biomass heads after it is fully prepared. Pyrolysis is the heat
breakdown of biomass without oxygen or with little oxygen present. High temperatures are
applied to the biomass in a reactor, typically between 600°C and 1200°C. The complex organic
constituents of biomass decompose into volatile vapors, coal tars and solid coal at extremely
high temperatures [48-50].

In the gasification stage, the pyrolysis-produced volatile gases receive additional processing
to create syngas. Reforming, steam gasification, and partial oxidation are a few of the
reactions that occur during gasification. These processes turn the solid coal and volatile gases
into syngas. Carbon monoxide CO, H,, CHa, CO,, and trace amounts of other gases represent
the majority of the syngas. Through the processes of pyrolysis and gasification, the thermal
conversion process known as pyro-gasification converts biomass into syngas. It provides an
effective and sustainable way of using biomass, allowing for the formation of syngas that may

be used for energy production [51-53].

lll. Global, Europe and France situation of biogas production

The global biogas production industry is growing rapidly, driven by increasing demand for
renewable energy, the need to reduce greenhouse gas emissions, and the desire to improve
waste management practices. In 2021, the global biogas market was valued at around $11
billion and is expected to grow at a compound annual growth rate (CAGR) of over 8% through

to 2026. Between 2000 and 2017, the production of biogas on a global scale more than tripled
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(from 78 to 364 TWh). Europe, China, and the United States of America are the top three
producers of biogas and biomethane globally [54-56]. The United States has established
biogas industries in North America, but the market is still relatively limited in comparison to
Europe and Asia, because landfill biogas accounts for 90% of biogas produced in the United
States. However, there is growing interest in the development of biogas projects in the region,
driven by the need to reduce greenhouse gas emissions and improve waste management
practice. In Asia, China is emerging as a major player in the biogas market, driven by
government support for renewable energy and efforts to reduce air pollution. Small-scale
anaerobic digesters for households have received support, however, and can produce up to
70% of the country's installed biogas capacity. India is also making significant investments in
biogas production, with the government aiming to increase the share of biogas in the
country's energy mix to 10% by 2022 [1,57,58]. Additionally, Brazil has 127 biogas plants that
use sewage sludge, landfill trash, industrial and agricultural waste to produce 584 billion Nm?3
of biogas per year, which helped to produce 3835 GWh of energy in 2015 [59]. The global
biogas production industry is expected to continue to grow in the coming years, as more
countries adopt renewable energy targets and seek to reduce their environmental impact.
The increasing availability of feedstocks, such as food waste and agricultural waste, and
advances in technology are also expected to drive growth in the industry. Europe is the largest
biogas production market in the world, with a long history of investment in the sector and a
well-established infrastructure [60,61]. Due to the fact that anaerobic digesters produce most
of their biogas from energy crops and organic waste. For instance, 1023 biomethane plants
have been deployed in Europe, and about 20000 units in operation, which is total number of
biogas and biomethane plants. France, Italy, and Denmark are the countries with the largest
increase on the number of biomethane plants. No less than 91 new units began operation in
France in 2020 and 123 plants started operation between January and October 2021.
According to EBA estimates, 87% of currently active biomethane plants in Europe are
connected to the gas grid (Figure 4). Germany is the leading biogas producer in Europe and
has been at the forefront of the industry for many years. The country has a large number of
biogas plants and a supportive policy environment, including incentives for renewable energy
production. In addition, Germany has a well-developed infrastructure for the collection and
treatment of organic waste, making it an ideal environment for biogas production. The UK is

another major player in the European biogas market, with an increasing number of projects
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being developed in the country, particularly in the agricultural and waste sectors. The UK
government has set a target of generating 12% of its energy from renewable sources by 2020,

which is driving investment in biogas production [62—-65].

Other countries in Europe that have a significant biogas production industry include Italy,
Sweden, France and the Netherlands. These countries have established policies to support
the development of the biogas industry, including incentives for renewable energy
production, feed-in tariffs and subsidies for research and development. Broadly, Europe is
expected to continue leading the global biogas market in the coming years, driven by strong
policy support for renewable energy, availability of feedstock, and growing demand for clean
energy. According to the latest estimations of the European Biogas Association, biogas
production will increase up to 20 billion Nm3 by 2020 and will represent a significant share of
Europe’s natural gas consumption. The region is also expected to benefit from advances in

technology and increasing efficiency of biogas production processes.

France has a growing biogas industry, driven by the country's commitment to reducing
greenhouse gas emissions and increasing the use of renewable energy. By the year 2020,
there were 1075 biogas plants operating in France, of which 20% (214 plants) valorize biogas
through combined heat and power generation and the remaining 80% (861 plants) convert
biogas into biomethane for grid injection. Also, France has the most biomethane facilities,
and in 2020, French biomethane accounted for 0.5% of French natural gas consumption. The
French government has set a target of producing 6.5 TWh of energy from biogas by 2023 and
has introduced a number of policy measures to support the development of the biogas
industry. The most biogas production is based on the treatment of agricultural waste and
sewage sludge, although there is also significant potential for the use of food waste and other
organic waste streams [64,66—68]. The country has a well-developed waste management
infrastructure, making it an ideal environment for the development of biogas projects. In
terms of biogas use, France has a relatively small number of biogas-to-energy projects, but
this is expected to change in the coming years as more biogas plants are developed. The
French government has instituted a number of incentives for renewable energy production,
including feed-in tariffs, research and development subsidies and tax credits, which are

helping to stimulate investment in the biogas industry. In addition, according to the foregoing
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tensions in the supply of Russian gas, France and the European Union are betting on biogas.
Biogas could provide 7-10% of consumption in France by 2030, or half the gas imported from
Moscow (Moussu, n.d.), April 2022, “Europe rediscovers biogas in search for energy

independence” (www.euractiv.com/authors/nelly-moussu/). Overall, the biogas industry in

France is expected to grow rapidly in the coming years, boosted by the country's commitment
to reduce greenhouse gas emissions and increase the use of renewable energy. Increasing
feedstock availability and technological advances are also expected to drive industry growth

[55-57,61].
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Figure 4. Number of biomethane plants per country.

(Source : https://www.sia-partners.com/en/news-and-publications/from-our-experts/6th-

european-biomethane-benchmark).

IV. Biogas valorization

Biogas is a renewable energy source created by anaerobic digestion of organic waste, whereas
biomethane is a purified and upgraded form of biogas. Biogas and biomethane both have
various advantages, including lower greenhouse gas emissions, waste management, and
energy independence. Biogas and biomethane can be efficiently valorized in various
industries by tapping their potential, leading to a more sustainable and resilient energy
system. Biogas may be used to create both heat and electricity in combined heat and power
(CHP) systems [69—71]. This is especially valuable for on-site energy production in companies,

agriculture, and wastewater treatment plants.
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The electricity generated may be utilized to power equipment and lights, while waste heat
can be collected and used for heating or other industrial operations, increasing total energy
efficiency. Biogas can also be used directly for cooking and heating in places without access
to clean cooking fuels or stable energy sources. Biogas-based cooking solutions, such as
biogas stoves or biogas burners, offer a clean and sustainable choice for households and
communities, increasing indoor air quality while decreasing dependency on traditional
biomass fuels. Also, there are several industrial uses for biogas, including as a fuel for dryers,
boilers, and other thermal operations [72—74]. Biogas can be used as an alternative to fossil
fuels in industries including food processing, manufacturing, and chemical production,
resulting in lower emissions and a less detrimental effect on the environment. Addressing
renewable energy production in agricultural applications, thus being able to supply electricity
for agricultural operations, irrigation systems and farm equipment, reducing dependence on
grid electricity and fossil fuels. Furthermore, the digest produced during anaerobic
digestion can be used as a nutrient-rich crop fertilizer, closing the nutrient loop and advancing

sustainable agricultural methods [75-77].

Biogas can be further upgraded to remove impurities such as carbon dioxide and other trace
gases, yielding pure biomethane, which is a higher quality fuel with higher energy content
and lower carbon emissions. Biomethane can be used as a direct substitute for natural gas,
and it may be injected into the gas grid. However, biomethane can be also further compressed
as natural gas (CNG) or liquefied biogas (LBG), which can be utilized as a transportation fuel.
By lowering greenhouse gas and air pollution emissions, improving air quality, and decreasing
climate change, biogas-based transportation fuels provide considerable environmental
advantages. Biomethane must meet certain quality standards, such as those set by the
European Union, in order to be used for various applications [22,78]. The specific use of biogas
valorization depends on its quality and availability, as well as local conditions and regulations.
A complete strategy to optimize the advantages of this renewable energy source is provided
by biogas valorization. Biogas helps to sustainable development, energy security, waste
management, and environmental protection by utilizing a variety of applications across
numerous industries. The utilization and potential of biogas valorization will be further
improved by ongoing research, technological breakthroughs, and supportive legislation in the

transition to a cleaner and more sustainable energy future [71,72,79].
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V. Biogas composition

Biogas is a mixture of gases that are produced through the methanization of biomass and
organic waste, from the anaerobic digestion of sewage sludge, commercial composting,
landfills, anaerobic co-digestion of animal manure with energy plants, etc. The exact
composition and concentration of biogas depends on the feedstock used, that can be
combined with different digestion techniques. Biogas usually contains CHa (35-75%) and CO,
(25-60%) as main components and many impurities, including gaseous inorganic compounds,
nitrogen (N2), oxygen (0z), hydrogen sulfide (H,S), ammonia (NHs), carbon monoxide (CO),
water vapor (H,0) as well as numerous volatile organic compounds (VOCs) such as linear and
aromatic hydrocarbons, halogenated compounds, terpenes, and siloxanes (Table 1) [78,80—
82]. Many of these compounds, aggressively contribute to ozone formation reactions and can
have many environmental, health problems and cause serious damage to equipment using
biogas as fuel. Water vapor is one of those compounds that can condense on the surface of
the equipment and consequently promote the corrosion of the metal parts. In addition, the
high moisture content of the biogas can reduce the calorific value of the biogas [83,84]. The
sulfur content of biogas is the main cause of corrosion in the pipes, in the recovery equipment
and in the heat exchangers on the flue gas. Some bacteria (bacteroids or others) can also
produce NHs, that can accelerate and amplify combustion, causing thermal stresses that can
lead to the melting of pistons and heating of injectors. During the combustion of biogas, it is
totally transformed into NOx, which is a dangerous pollutant for the environment. However,
oxygenated and halogenated compounds are generally produced by incomplete degradation
of plastic or petroleum products causing problems of corrosion of metal surfaces by the
formation of acid gas. Finally, aromatic, aliphatic compounds, terpenes and siloxanes are
produced mainly by volatilization. These molecules are abundant in the presence of

household products, pesticides, and products of plant origin [85,86].
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Table 1. Typical range of biogas and biomethane compositions.

Compounds Landfills Anaerobic Biomethane
digestion
CHa (vol %) 35-65 53-70 90-99
CO2 (vol %) 15-50 30-50 0.06
H,S ppm 0-100 0-10 13
VOCs (mg.m3) 0-4500 0.5-1545 0<5
H,0 (vol %) 0-5 5-10 0
NHs (vol % 0-5 0-100 0
N2 (vol % 5-40 0-3 0

Ref. [22,61,87]

Most of the secondary compounds are formed at different levels of methanization. In general,
an initial concentration of secondary compounds is formed during the aerobic phase. It is
caused by the evaporation of volatile compounds such as aerosols. A second concentration
of compounds is observed during anaerobic methanogenesis. Those compounds are due to
the production of by-products and intermediates of the anaerobic degradation. The
concentration of these secondary products changes according to the nature of the initial
substrate, the process conditions (temperature, pH, humidity, etc.) [84,88,89].

In summary, landfill biogas consists primarily of methane and carbon dioxide. It may also
contain secondary compounds such as sulfur compounds, nitrogen compounds, heavy or light
hydrocarbons. The differences in terms of composition are due to the nature of the waste
used, the microorganisms carrying out the methanization and the conditions of the process
[14,25].

The presence of these impurities reduces the usability of biogas, making it suitable only for
low energy efficiency applications, such as heating and power generation, thus limiting the
development of the anaerobic digestion industry. The methane content of biogas can exceed
90% when impurities are removed by upgrading technologies. The upgraded biogas can be
used to power homes, factories and vehicles, or injected directly into a natural gas pipeline
network. Furthermore, carbon dioxide capture helps meet government policy targets to
reduce carbon emissions and achieve carbon neutrality. Consequently, biogas upgrading

technology is now attracting worldwide attention[23,83,89].
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V.1. CO, and CH,

Carbon dioxide (CO2) and methane (CH4) are the two main compounds of biogas, each with
unique properties and implications for their uses. The CO: is produced as a natural sub-
product of the anaerobic digestion process, while methane is the desirable compound due to
a high energy value. During anaerobic digestion, microorganisms break down organic matter
in the absence of oxygen, thus producing biogas. CO; is generated as a result of microbial
metabolism and the decomposition of carbon-rich organic compounds. The concentration of
CO; in biogas can vary depending on several factors, including the type of feedstock, process
conditions and the efficiency of the anaerobic digestion system. It is a colorless and odorless
gas that is also present in the atmosphere. Higher concentrations of CO; in biogas reduce their
energy content and calorific value, thus reducing their efficiency for certain
applications[81,82,88].

Meanwhile, CHs is the main and most important compound responsible for the energy
potential and versatile applications of biogas. It is a flammable, odorless gas with a much
higher calorific value than CO,. It is produced by specific groups of micro-organisms known as
methanogens during the anaerobic digestion process. Methanogens are responsible for
converting various organic compounds, such as carbohydrates, fats and proteins, through a
series of biochemical reactions to produce methane. The concentration of methane in biogas
is a critical factor in determining the energy potential and usability of biogas. Methane has a
variety of applications, including electricity generation, heat production and use as a vehicle
fuel. Nevertheless, the presence of methane in biogas also causes problems, mainly due to
the fact that it is a potent greenhouse gas with a much higher global warming potential than
C02[67,90,91].

It is critical to understand the composition and properties of CO, and CHa in biogas in order
to properly use and manage this renewable energy source. The presence of CO; influences
the energy content and calorific value of biogas. CO; acts as a diluent, lowering the methane
ratio and, as a result, the energy potential of biogas. High CO, concentrations also have a
lower calorific value, limiting the efficiency of biogas use for applications such as electricity

generation, heating, and transportation.
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To fully utilize the energy value of biogas, methane content must be optimized, and CO; levels
must be reduced. Strategies for increasing CHs concentrations and decreasing CO>
concentrations in biogas are critical for optimizing their energy potential and environmental
impact [92]. Once released into the atmosphere, both CO, and CH4 causes environmental
problems. While CO; is a greenhouse gas that contributes to long-term global warming and
climate change, CHs has a much higher global warming potential. CHs is a strong greenhouse
gas, and its emissions have a more immediate impact on climate change. It is critical to
effectively manage CHa4 emissions from biogas systems in order to reduce the environmental
impact and maximize the climate benefits of using biogas as a renewable energy source.

Operational process also can be used to optimize the CHs concentration in biogas. These
include improving biogas performance by optimizing digester conditions, controlling
feedstock composition, increasing microbial activity, and improving digester conditions.
Furthermore, biogas uses can be improved through the procedure of combined heat and
power (CHP) systems, increasing biomethane production. There are a variety of technologies
available to remove or reduce the concentration of CO: in biogas. Water scrubbing, chemical
absorption, membrane separation, cryogenic upgrading, pressure swing adsorption, and solid
adsorbers are examples of these. These technologies remove CO, selectively, resulting in

biogas with higher methane content and improved energy quality [84,86,89].

Finally, understanding the effects of CO> and CHas in biogas is critical for efficient biogas uses
and environmental management. Biogas can be linked as a sustainable energy source by
implementing appropriate CO, removal and CHs upgrading strategies, allowing the full
potential of this renewable energy source to be achieved while minimizing the environmental
footprint. This aims to provide information on the properties, management and potential
applications of CO; and CHs in biogas, thus promoting the biogas industry and sustainable

energy transition [93].

V.2. Volatile organic compounds (VOCs)

VOCs are organic molecules with high vapor pressure and low water solubility that can be
easily released into the atmosphere from a variety of sources, including natural processes and

human activities. Industrial processes, such as oil refining, chemical synthesis, flavor and paint
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factories, transport, domestic activities are considered to be the largest sources of
anthropogenic VOC emissions [94,95]. However, biogas contains not only CHs and CO,, but
also a variety of VOCs. Although biogas primarily is for use as a clean energy resource, the
presence of VOCs can have consequences for biogas use, safety and environmental impact.
Following this, understanding the nature and characteristics of VOCs in biogas is crucial for
the effective management and optimization of this renewable energy source [96].

The precise composition of biogas varies depending on the feedstock and methanization
process conditions, influencing the types and concentrations of VOCs present. Organic
materials with varying chemical compositions, such as agricultural waste, food waste, and
wastewater sludge, can contain a wide range of VOCs. Pesticides, herbicides, and other
chemical residues in the feedstock can increase the VOC content of biogas [97-99]. In addition
to these majority compounds, some minority compounds may also be produced. In fact,
different types of secondary compounds are usually identified in landfill biogas. These can be
classified into families of compounds according to their chemical structure and functional
group [100-102].

Certain VOCs present in biogas can pose safety risks due to their flammability and potential
toxicity. They are hazardous to human health and the environment, and when biogas is not
properly treated or combusted, they can contribute to air pollution and ground-level ozone
formation. Several VOCs can also reduce the combustion efficiency and stability of biogas in
a variety of applications, including electricity generation and heating. Furthermore, the
corrosive nature of some VOCs can cause problems with the equipment and infrastructure
used in biogas uses. A variety of methods can be used to control and minimize VOC emissions,
including improving industrial processes, using alternative materials and upgrades
technologies. Regular inspection and analysis of VOCs present in biogas can provide useful
information on VOC concentrations, composition, and potential hazards. Gas
chromatography and other analytical techniques can be used to detect and determine the

VOCs present in biogas [97,99,103,104].

VOCs are found in the final biogas in trace amounts (< 1%). They usually can come from
biodegradation of organic matter, reactions between majority or minority products and
volatilization of compounds. They may vary by feedstock composition. VOCs can be classified

according to several criteria, and three categories can be identified:
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e Chemical structure: the VOCs can be classified according to their chemical structure

as aliphatic hydrocarbons, aromatic hydrocarbons, halogenated, oxygenated,
terpenes, siloxanes compounds and nitrogen-containing compounds. Each category
has distinct chemical properties and reactivity.

e Volatility: VOCs can be classified by their volatility. They are divided into two groups:
low volatility compounds (LVOCs) and high volatility compounds (HVOCs). LVOCs have
lower vapor pressures and tend to have a longer atmospheric lifetime, while HVOCs
have higher vapor pressures and can evaporate quickly in the atmosphere.

e Source or origin: VOCs can be found by natural sources, such as biogenic VOCs emitted
by plants and trees, as well as anthropogenic sources, such as industrial emissions,

biogas production, vehicle exhaust and household products.

In order to avoid future problems with impurities in biogas, some upgrade technologies, such
as physical and chemical absorption, adsorption, condensation, thermal or catalytic oxidation
and advanced oxidation processes, can remove or decrease the concentrations of impurities

in biogas [23,105].

Table 2. Sources and production processes of VOCs present in biogas.

VOCs Group Definition Source
BTEX
Ivents and
Benzene A . Hydrocarbons that Solvents a
Toluene romatic include one or more petroleum products,
Ethylbenzene hydrocarbon . plastic, cardboard
benzene rings. g
Xylene and food additives
Limonene Decomposition of
) Hydrocarbons . P .
Pinene containing 10-carbons citrus fruit, wood,
-Cymene Terpene . ) . needles, plants
Pty with an isoprene unit eecles, par
a-carene waste, medicines
B-Carene and detergents.
Octamethyltri- .
siloxane ({3) _ Cyclic compounds Household products
Decameth Itet’ra— Siloxanes containing such as shampoo
Y Si-O bonds and deodorant.

siloxane (L4),
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Hexamethylcyclotri-
siloxane (D3),
Octamethylcyclotetra-
siloxane (D4)

Pentane
Pentene .
Hydrocarbon chains, )
1-Butene Qils, solvents,
Alkanes saturated, .
Nonane (Aliphati pesticides and
phatics) unsaturated,
Decane . detergents.
Dodecane linear or branched
Undecane
. Fluorine,
Dichloromethane . . .
1 2-Dichlorobenzene Halogens chlorine or bromine Solvents, plastics,
’ compounds deodorants.

1,4 Dichlorobenzene

Ref. [78,97,99,102].

VI. Biogas upgrading to biomethane (technologies)

As biogas is the result of the breakdown of organic materials, biogas is not 100% pure,
therefore, in order to fully maximize the energy potential of biogas, it can be upgraded to
biomethane, a purified form of biogas with a higher methane content. Biogas upgrading
technologies have a crucial contribution to be able to upgrade biogas to biomethane, thus,
removing impurities such as CO;, H,S, VOCs and moisture, which increases the CHa
concentration in the gas to up 95%. in order to use it for various applications, including
electricity and gas grid injection, transport fuel and heat production [106,107].

Many technologies have been tested and applied to remove impurities from biogas, such as
the most common ones currently used: water purification, physical and chemical purification,
membrane separation, pressure balance adsorption, biological methods. The choice of
upgrade method depends on the specific requirements and characteristic of the biogas,
including the composition, flow rate and pressure. Table 3 shows the advantages and
disadvantages of the different methods used for biogas upgrading. The biogas purification for
biomethane production is based on leading technologies in the field of gas separation. This
section gives an insight into the different biogas upgrading technologies, their operating

principles and their applications in biomethane production [85,86,108-110]
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Table 3. Comparison of different physicochemical biogas upgrading technologies.
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Method

Mechanism

Material
Condition

Advantage

Disadvantage

Efficiency

Pressure
swing
adsorption

Water
scrubbing

Organic
solvents
absorption

Membrane
separation

Cryogenic
separation

According to the
different affinity
between gas
molecules and
adsorption
materials, biogas
components are
separated
Based on the
solubility diversity
of different gases
in water under
high pressure,
CO; and H,S are
removed
According to the
solubility diversity
of different gases
in organic
solvents, gas
impurities are
removed

Separate biogas
components in
layers according
to the selectivity
and permeability
of the membrane

Based on the
principle that gas
condenses or
sublimates at low
temperature or
high pressure

Zeolite; activated
carbon; polymer,
etc

Water; 6-10 bars

Propylene glycol,
propylene
carbonate, DESs

Inorganic
membrane;
polymeric
membrane; mixed
matrix membrane

80 bars; -170°C

Low-cost Simple
operation; High
methane
content; No
chemical
demand

No chemicals
Renewable
water

Simple operation
Low methane
loss

No chemicals
Low energy
consumption
Simple
operation;
Environment
friendly

High recovery;
Environment
friendly

Pretreatment
required; Risk of
contamination

High voltage o
High energy
consumption o
Risk of
contamination

Need for organic
solvents; High
temperature

High cost Easily
damaged Low
selectivity
Pretreatment
required

High cost; High
energy
consumption
Under
development

CHa4 content
96—98%; CH,4
loss ~4%;
recovery
>96%

CHa content
95-98%; CH4
loss 0.5-5%;
recovery
>97%

CHa content
93-98%; CH,4
loss 1-4%;
recovery
>99%

CHa4 content
90-99%; CH4
loss <2%;
recovery 96—
98%

CHa content
~99%; CH4
loss <2%;
recovery
>99%

Ref. [80,111,112].

VI.1. Physicochemical Methods

Physicochemical methods are crucial in the biogas valorization and purification, allowing the

removal of impurities, the increase of methane content and the production of high quality

biomethane. The latest and most popular ones are based on the physicochemical removal of

COz. These physicochemical methods include physical absorption (water scrubbing, organic

solvent scrubbing), chemical absorption, adsorption, cryogenic separation, pressure swing

adsorption (PSA), membrane technology and chemical hydrogenation process. Several of

these are currently available commercially. These methods involve the use of physical and
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chemical processes to upgrade the biogas, thus making it suitable for multiple energy
applications. In general, methane recovery from physicochemical processes can be up to

>96% [106,108,109,113].

VI.2. Physical Absorption

Physical absorption techniques, both water scrubbing and organic solvent scrubbing, utilize
the fact that CO, and CHa have different solubilities in different solvents (Table 4). Thus, by
selecting a solvent that has a high solubility for CO, but does not absorb CH4, the two gases
can be separated. These methods often use absorbent substances to remove specific
impurities from the biogas stream, such as CO», HzS, and trace VOCs. Absorption of VOCs from
gases by dissolving them in liquid solvents has been considered an attractive method due to
its low price, recyclability, simplicity, and safety. Typical absorption processes with an
aqueous solution (acidic, basic, or oxidizing) have been widely employed to remove soluble
pollutants from gaseous effluents by creating contact between contaminated gases and liquid
solvents. While hydrophilic VOCs can be easily removed by water absorption, hydrophobic
VOCs have low water solubility as the lower mass transfer properties of its gas phase to the

aqueous phase make removal efficiencies very limited [89,114].

Table 4. Comparison of water and organic solvent scrubbing.

Characteristic

Water scrubbing

Organic solvent scrubbing

Absorbent

Impurity Removal

Application Scale

Selectivity

Solvent
Regeneration

Considerations

Water

Primarily
water-soluble gases,
especially CO;

Small to medium-scale
systems
Less selective, primarily
removes CO;

Not required, water can be
reused

Contact time, mass transfer
rates,
managing absorbed
impurities and wastewater
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Organic solvents (e.g. glycols)

Wide range of impurities
including CO3, H,S, and trace
contaminants

Small to large-scale systems

High selectivity, can target specific
impurities

Required, solvents need regeneration

Solvent selection, optimization of
operational parameters,
solvent regeneration techniques,
proper management of solvents and
waste streams
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Cost and Relatively simple and cost- Moderate complexity, may require
Complexity effective additional equipment
Environmental Minimal environmental Proper management of solvents and
Considerations impact waste streams required

L. Effective removal of both water-
. Limited removal of non-
Efficiency soluble and
water-soluble gases
non-water-soluble gases

VI.2.1. Water scrubbing

The crucial requirement for absorption is the choice of a suitable solvent. In order to be
suitable for gas solubility, a solvent must also have the following properties to be efficient
and economical: availability, cost stability, volatility and non-hazardousness. Water is a
selective absorbent in this scenario due to low sensitivity to biogas pollutants. A common
physical absorption method used to purify biogas is water scrubbing, also known as wet
scrubbing or water purification. It currently accounts for 41% of the global biogas recovery
market. At approximately 25°C, CHs is 26 times less soluble than CO,. Moreover, these
molecules are separated through the various bonding forces between the non-polar CHs and
the more polar CO or HS. In general, H2S and CO2 can be eliminated jointly because H.S is
more soluble in water than CO,.

However, it is desirable to separate the H,S before the CO; due to a number of benefits,
namely, the fact that removal of the dissolved H,S reduces operational issues like motor
corrosion and odor annoyance issues [75,85,88].

In order to achieve effective gas-liquid mass transfer, water scrubbing is performed in a
column packed with unstructured packing material in a countercurrent with water pressures
coming from the top and compressed gas pressures of 6—10 bar from the bottom as shown in
Figure 5. Depending on the proportion of non-condensable gases, such as N, and O, which
cannot be separated from CHa, water scrubbing can yield a CH4 purity of 80%—99%. Currently,
there are two techniques for reusing water, The first method, which is called single pass
scrubbing, is used if the water comes from wastewater treatment plants. The second
technique, known as "regenerative scrubbing", allows the water to be decompressed (often
by removing air) in a desorption column at atmospheric pressure, which removes CO; and H,S

[115].
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The fact that no chemicals are used at any point during the procedure is certainly an
advantage. The process of purifying water is, however, also linked to some operational issues,
such as clogging of the purifiers owing to the growth of microorganisms while they are in use
and the disposal of the wastewater. Additionally, bubbling can happen when the absorber's
flow rate is improperly controlled and when there are contaminants in the water

[110,116,117].
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Figure 5. Water scrubbing systems [84,118].

VI.2.2. Organic solvent scrubbing

This technique is very similar to water scrubbing. The only difference is that the water is
replaced by conventional organic solvents, such as methanol or glycols, as absorbents to
selectively remove impurities, the most used nowadays. These organic solvents have an
advantage over water due to the significantly greater solubility of CO; and their anticorrosive
properties. The schematic for organic solvent scrubbing is shown in Figure 6. The commercial
products are available under the trade names Selexol™ and Genosorb® and show
considerably higher solubility of CO; and NH3; compared to water. The use of organic solvents,
compared to water scrubbing, requires a gas condition step, which the raw biogas is
compressed and cooled (7-8 bar, 20 °C) in the first step of the process (Figure 6), after which
it is injected into the bottom of the absorption column. The organic solvent is additionally
cooled before being introduced to the column because Henry's constant is influenced by

temperature. The desorption column is heated to 80 °C and the pressure is decreased to 1
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bar in order to regenerate the organic solvent. By this method, in the the upgraded biogas,
final methane concentration can range from 96 to 98.5%, and a fully optimized plant can
produce less than 2% CH4 losses [84,88,119].

Physical absorption is considered a proper method that conforms to green technology and
engineering standards, which can be useful in industries in order to be economical, reusable
and environmentally friendly. Absorbents perform a crucial function by removing impurities
from the biogas. Therefore, the development of novel absorbents with high absorption
capacity and high recyclability is mandatory [109,119]. The appropriate absorbent should also
have low viscosity, relatively low toxicity, low vapor pressure, high boiling point, high
absorption capacity, and low cost. Water, meeting all these characteristics, is typically used
in biogas purification processes, mainly for CO, capture. However, as a majority of VOCs are
hydrophobic, water is not the most appropriate solvent for these compounds. Several heavy
organic solvents have been used to treat hydrophobic VOCs, including aqueous mixed
solvents, silicone oils, and vegetable oils. Unfortunately, these absorbents have
disadvantages, including inadequate absorption capacity, high cost, energy-intensive
requirements for regeneration, solvent degradation, and equipment corrosion. However,
substitute green solvents such as deep eutectic solvents (DES), ionic liquids (ILs) are being
investigated to replace the currently used organic solvents, which also successfully used as
absorbents for biogas impurities [120-123]. In addition, these absorbents are usually
regenerated by heat distillation, leading to concerns about secondary pollution from both

pollutants and absorbents.
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VI.3. Chemical scrubbing

The chemical reaction between the absorbent and the carbon dioxide molecules provides the
basis for the removal of carbon dioxide from raw biogas by the chemical absorption process.
At low CO; concentrations, chemical solvents typically outperform physical solvents. Amines
are often used as chemical solvents to absorb CO; since they react only with CO; and cause
no CHa losses. Aqueous amine solutions, such as diethanolamine (DEA), monoethanolamine
(MEA), or methyldiethanolamine (MDEA), are the organic substances that are utilized the
most frequently. In order to streamline the process set-up, the system consists of a packed
bed (random or structural) connected to a desorption unit equipped with a reboiler (Figure
7) [106,124,125]. The high pH of the amine solutions supports the operation of the packed
bed and considerably lowers the risk of biomass growth. Exothermic chemical reactions cause
the CO; to get dissolved in the solvent.

As a result of the highly selective chemical reaction between the solvent and CO; in the liquid
phase, very little CH4 is absorbed, leading to a high CHa recovery of >99.95%. The resultant
amine solution, which is high in CO> and H.S, is then sent to a stripping process for

regeneration [109,126]. The desorption system operates at a pressure of 1.5 to 3 bar and is
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equipped with a boiler that gives off heat, reaching a temperature of 120 to 160 °C. The heat
is used to release the chemical bonds that were created during the absorption phase and to
produce a flow of steam that serves as a removal fluid. In this process, steam is produced by
reversing the absorption action, which lowers the partial pressure of CO, and improves
desorption. CO; is then discharged into the gas phase. The CO,-free solvent is cooled and
supplied back to the absorber column before a high-purity gaseous CO; stream is collected in
the top of the desorber [124,127]. This method has several advantages and disadvantages.
The main advantages include the efficient removal of certain contaminants from the biogas
stream, like CO; and HS. Based on the properties of the impurity, the choice of absorbents
can be optimized to achieve the appropriate level of purification. It is possible to regenerate
and reuse the absorbents used in chemical absorption purification, which results in cost and
resource savings. Disadvantages of this method include the cost of absorbents, regeneration
agents, and possibly consumables, which can add to overall operating expenses. It also can
be more complex than other biogas treatment methods, requiring additional equipment and
maintenance requirements. The regeneration process can also be complex, energy-intensive,
and require additional equipment or chemicals. Other aqueous alkaline salts, such as sodium,
potassium, and calcium hydroxides, have also been utilized for the chemical reaction-based

removal of CO; in addition to amine solutions [86,124,126,127].
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VI.4. Membrane separation

One of the newest techniques for biogas upgrading, membrane-based gas permeation, has
gained prominence recently, particularly over the past ten years. Due to their reduced cost,
simple production, durability under high pressures, and simplicity of scaling, polymeric
materials like cellulose acetate are preferred for the creation of membranes. The kind of
membrane employed in this separation method matters significantly. There are numerous
different membranes with various specifications that may be purchased commercially to
permit or block the movement of particular chemicals. There are two fundamental
membrane-based biogas purification systems, a low-pressure gas-liquid absorption
separation where a liquid absorbs the molecules that diffuse through the membrane, and a
high-pressure gas separation with gas phases on either side of the membrane. Most systems
operate the high-pressure membrane separation process at a pressure of 20 bar, while others
operate it at 8—10 bar [88,113,129]. The waste gases from the initial stages of the multi-stage
membrane separation are recycled into the process to increase the CHs content (>96%) of the
final gas output. Low pressure membrane systems function at pressures that are comparable
to atmospheric pressure. In order to eliminate CHs losses, hybrid or multi-stage systems
should be utilized. It has been discovered that using a capillary module with polyamide
membranes enables membrane enrichment in a single module. The flow diagram for a single
module and multi-stage membrane separation process is shown in the (Figure 8).

The procedure can be separated into dry (gas/gas separation) and wet (gas/liquid separation)
techniques depending on the medium used for separation. CO, and CH4 can be separated
using polyimide and cellulose acetate-based membranes in a dry method. The mobility
selectivity of these membranes is influenced by their permeation rate, which is influenced by
the gas absorption coefficients and the membrane construction material. The hydrophobic
qualities of microporous membranes were exploited in the wet process, which is where the
difference between the dry and wet processes exists. The benefits of membrane separation
and the absorption approach are combined by wet membrane technology. In real terms, the
installed membrane divides the liquid from the gas input, allowing the gas molecules to pass
through the membrane and be absorbed by the solvent flowing in the opposite direction

[84,129].
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Figure 8. Principle of membrane separation [84].

Membrane

Gas permeation technology offers biomethane purity of >99% with CHa recovery rates of up
to 99.5% after considerable research and optimization. The process is generally recognized
for security, flexibility in scaling up, robustness, simple operation and maintenance, and no
need for hazardous chemicals. Above all, membrane technology is a molecular-scale
separation technique. It has a number of advantages over traditional absorption-based biogas
upgrading systems, including cheap cost, high energy efficiency, and simple use. However,
like any technology, membrane separation also has its limitations and considerations.
Membrane pollution, where contaminants accumulate on the membrane surface, can impair
performance and call for periodic cleaning or pre-treatment.

It is essential to maintain the integrity of membranes since they may deteriorate over time as
a result of chemical or biological attacks, necessitating monitoring and upkeep. Furthermore,
it is crucial to choose the right membrane for a given separation task while taking into account
aspects like pore size, charge selectivity, compatibility with feed streams, and cost-
effectiveness [109,119].

In conclusion, membrane separation has transformed the purifying and separation industries
by providing an effective, discerning, and sustainable method for producing high-quality
products. It is a crucial tool for solving challenging separation problems because of its
adaptability and extensive applicability across a variety of industries, including gas separation,

food and beverage processing, pharmaceuticals, and water treatment [130].
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VI.5. Cryogenic separation

In the separation and purification of gases at extremely low temperatures, an advanced and
effective procedure is used known as cryogenic separation. This method enables the selective
separation of gases based on their boiling points or vapor pressures by utilizing the distinct
features of various gas components. Cryogenic separation has revolutionized the field of gas
separation by enabling enhanced efficiency and precise separation capabilities by operating
at extremely low temperatures [88,131]. CO; can be separated from CH4 by condensation and
distillation because the condensation temperatures of CHs and CO; are different. As methane
has a boiling point of -160°C whereas CO has a boiling temperature of -78°C, CO; can be
separated from biogas by freezing the gas mixtures to high pressure. Pre-separating the
water, SO;, halogens, siloxanes, and H,S is important to prevent freezing and other issues
during the cryogenic process. This is accomplished by first compressing the raw biogas to 17—
26 bar and then chilling it to approximately 260°C. The process of separation begins with the
raw biogas being dried and compressed to 80 bars, then the temperature is gradually lowered
to 110 °C. By lowering the temperature appropriately and gradually, one may regulate the

product's purity (Figure 9) [84,132].
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Figure 9. Cryogenic separation system [118].

Cryogenic separation has advantages due to its extraordinary efficacy, accuracy, and
adaptability. It allows for the separation of gases with various physical qualities and produces
highly pure gas streams by working at extremely low temperatures. Compared to other
separation techniques, cryogenic separation offers increased energy efficiency, limiting

energy consumption and lowering operational expenses. Additionally, the quality and purity
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of gases are improved, satisfying the strict criteria of many industries, thanks to its ability to
precisely separate some compounds [119]. In the end, cryogenic separation is a cutting-edge
technique for the purification and separation of gases. It is an invaluable instrument in
businesses that require high-purity gases, such as industrial gas production, natural gas
processing, and impurity removal, due to its capacity to selectively separate gases based on
their boiling points as well as its efficiency and precision. Cryogenic separation is continually
developing as technology progresses, providing even more possibilities for the effective and

long-lasting purification of gases in a variety of applications [88,131,132].

VI.6. Pressure swing adsorption (PSA)

The most common method for gas separation called pressure swing adsorption (PSA) focus
on the selective adsorption of gases onto solid adsorbents. It provides an easy and
inexpensive method to separate and clean gases in a variety of industries. Due to its
adaptability to various gas combinations, versatility, and capacity for high levels of purity, PSA
has experienced substantial growth in popularity. Considering the CHs molecule is larger than
those of N3, O3, and CO;, the PSA technology can be used for separating it from those gases.
The molecular sieves material is regenerated during the process, which takes place in vertical
columns packed with absorbents under adsorption, depressurization, desorption, and
pressurization sequences [114,133]. The purpose of PSA is the capacity for differential
adsorption of gases to a suitable adsorbent material under varying pressure conditions. The
process generally requires two main process steps: adsorption and desorption. The gas
mixture is supplied into a vessel holding the adsorbent material during the adsorption process
under high pressure, where it is ideally absorbed in large quantities and released when the
pressure is reduced. The desired gas compounds are therefore successfully separated and
concentrated. The schematic flow diagram for the PSA process is depicted in the Figure 10. In
order to ensure a continuous operation, many adsorption columns (often four) are installed.
The biogas is sent to a fresh column after one column has been saturated with CO;, and the
CO;-saturated column is gradually depressurized (nearly to air pressure) to release the
CO2/CH4 combination with high methane concentration, which is suction and recycled back

to the PSA inlet.
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Activated carbon, zeolites, and molecular sieves are the three adsorbents that are most
frequently used in pressure swing adsorption (PSA). These materials are useful for gas
separation applications because of their distinctive characteristics.

Due to its high porosity and substantial surface area, activated carbon offers plenty of places
for gas molecules to bind. It has significant adsorption properties for a variety of gases,
including odorous chemicals and volatile organic compounds (VOCs).

In PSA systems, activated carbon is frequently utilized for gas purification, impurity removal,
and component recovery [84,88]. Flexibility, energy efficiency, and cost-effectiveness are
some of PSA's advantages. By altering variables such as pressure, temperature, and adsorbent
material, the process may be customized to fit various gas mixes and separation needs. Since
PSA systems are often small and modular, they may be scaled easily and integrated into
already-existing processes. Additionally, PSA uses almost ambient operating conditions and
uses less energy than other separation techniques, which lowers operational expenses and
has a smaller negative impact on the environment. Despite its advantages, PSA has a few
disadvantages as well. In order to achieve effective gas release and reduce energy
consumption, the regeneration step—where the adsorbed gases are desorbed from the
adsorbent material—needs rigorous adjustment. Additionally, choosing the right adsorbent
material and keeping it stable is essential for achieving good separation performance and

preserving system longevity [22,133].
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VI.7. Biological methods

Biogas purification using biological methods is a promising and environmentally friendly
solution. These techniques use biological and microbial processes to transform and filter out
pollutants found in the biogas stream. Utilizing microbial communities and enzymatic
processes, biological processes can effectively convert or eliminate contaminants to produce
purified biogas that is suited for a range of energy uses. This is caused by a number of things,
including changes in electricity consumption, rising costs for renewable energy, combining
the production of biomethane with the production of other high-value goods, and ultimately,
as a result of numerous biotechnological process advancements. The various techniques for
upgrading biological biogas based on chemoautotrophic or autotrophic bacteria and microbial

electrochemical technologies (METs) are covered in the following sections [109,110,119].

VI.7.1. Chemoautotrophic biogas upgrading

Chemoautotrophic microorganisms have the capacity to use inorganic compounds as a source
of energy as opposed to only utilizing organic substances. They use chemical processes to
oxidize or reduce substances and produce energy for survival and growth.
Chemoautotrophic microorganisms can be crucial in the process of upgrading biogas because
they can transform H»S and other sulfur compounds into elemental sulfur or sulfate, which
are less dangerous and can be easily isolated from the biogas [21,119].

The upgrading reactor is infused with the chosen chemoautotrophic microorganisms
Normally, to do this, a seed culture or biomass from an existing chemoautotrophic system is
introduced. The creation of a stable microbial population capable of effective impurity
conversion is ensured during the startup phase, which also entails acclimating the
microorganisms to the biogas feedstock and adjusting operating parameters. The
microorganisms in the chemoautotrophic biogas upgrading process change the targeted
pollutants, like H,S, into less dangerous forms. For instance, through biological processes,
chemoautotrophic microorganisms can oxidize H,S to elemental sulfur or sulfate. The
metabolic activity of the microorganisms, the availability of nutrients, temperature, pH, and
reactor design are only a few of the variables that have an impact on the effectiveness of

impurity conversion [21,109,110].
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The capacity of chemoautotrophic biogas upgrading to function in a variety of environmental
circumstances is a fundamental advantage. These microorganisms can survive in a variety of
settings, even harsh ones, and can produce large amounts of H,S and biogas with a variety of
compositions. Chemoautotrophic biogas upgrading is ideal for various biogas producing
facilities and feedstock compositions because of its versatility.

Resource recovery is another advantage of chemoautotrophic biogas upgrading.
Microorganisms can produce elemental sulfur or sulfate by the conversion of HzS, which can
then be processed and used in a variety of industries, including wastewater treatment,
chemical manufacture, and agriculture. This increases the economic sustainability of the
upgrading process by improving the quality of the biogas while also producing useful
byproducts [113,119].

Nevertheless, chemoautotrophic biogas upgrading is still a new field of study, and research
and development are currently ongoing. Some of the issues that need to be resolved include
improving the effectiveness and performance of chemoautotrophic bacteria, assuring stable
and sustainable biogas upgrading operations, and scaling up the procedure for commercial
applications. Research, engineering, and industry stakeholders must work together to

increase understanding of and actual use of chemoautotrophic biogas upgrading [84,119].

VI.7.2. Photosynthetic biogas upgrading

Nowadays, the only biotechnology capable of simultaneously relocating multiple biogas
pollutants, such as CO,, H,S, and BTEX, is the upgrading of biogas based on symbiotic
interactions between oxygenic photosynthetic or/and lithoautotrophic and heterotrophic
microorganisms (microalgae and cyanobacteria). This innovative biotechnology for upgrading
biogas depends on the solar-driven fixation of CO, through photosynthesis, concurrent with
the bacterial oxidation of H,S to SO; and BTX to CO; and H,0. The technique in biotechnology
depends on the simultaneous bacterial oxidation of H,S to SO; and BTEX to CO; and H:0, as
well as solar-driven fixation of CO, through photosynthesis. Algal-bacterial photobioreactors
for upgrading biogas have typically been found to contain microalgae from the genus
Chlorella, Pseudanabaena, and Scenedesmus as well as sulfur-oxidizing bacteria from the
genus Thiobacillus [84,88].

The process of this method is started by the reactor system that is developed to give

photosynthetic bacteria the best possible conditions for growth and metabolic activity. To
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encourage photosynthesis and increase methane generation, variables like light intensity,
temperature, pH, nutrient availability, and gas exchange are carefully regulated. The
photosynthetic microorganisms in the reactor take CO; from the biogas stream and use
photosynthesis to turn it into organic biomass. The fixation of CO; and the subsequent
generation of oxygen are both fueled by sunlight in this process. The produced biomass acts
as a source of carbon for the eventual creation of methane. As a result of anaerobic digestion,
methanogenic microbes produce CHs and CO; from the photosynthesis-produced biomass.
This methanogenesis process, which usually occurs in a different compartment of the reactor
under anaerobic circumstances, is made possible by certain bacteria that produce methane.
The upgraded biogas with a greater proportion of methane is separated from the reactor
system following the methanogenesis stage. The methane gas can be cleaned up by using a
variety of separation processes, including membrane separation, pressure swing adsorption,

and gas scrubbing [110,119].

VI.7.3. Microbial electrochemical technologies (METs)

An innovative method for improving the quality and energy content of biogas is to use
microbial electrochemical technologies (METs), which harness the power of electroactive
bacteria. By harnessing the electrochemical activity of microorganisms to transform CO; and
other pollutants into useful CHg, it provides a sustainable and effective method for upgrading
biogas. Through utilizing the distinctive qualities of electroactive microorganisms METs
provide an alternative to conventional biogas upgrading techniques. These microorganisms
can conduct electrochemical reactions because they have the ability to transfer electrons to
or from solid electrodes. By taking advantage of this electrochemical activity, METs can help
biogas contain more energy by converting CO; and other pollutants into usable CHa. The
biogas upgrading procedure in METs is carried out in a specifically constructed reactor system.
A proton exchange membrane or an ion-selective membrane commonly separates the anode
and cathode compartments of the reactor. The electroactive microorganisms oxidize the
organic components in the biogas feedstock in the anode compartment, producing electrons
and protons in the process [110,114,119]. While the protons move through the membrane to
the cathode compartment, the electrons are transmitted to the anode electrode. The

electrochemical reduction reaction takes place in the cathode compartment. Methane is
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produced when protons produced during the anodic oxidation process combine with
electrons from the cathode electrode. By increasing the amount of methane in the biogas,
this electrochemical process upgrades the biogas. As a result of the continuous flow of
electrons from the anode to the cathode enabled by the electrochemical circuit created by
the anode and cathode electrodes, CO; and other pollutants can be converted into methane.
Various separation processes, such as membrane separation or pressure swing adsorption,
can be used to remove any leftover pollutants and purify the methane gas from the upgraded
biogas, which has been enriched in methane content. Following its purification, biomethane
can be used as a renewable energy source for many purposes, such as the production of
electricity, heat, or fuel for vehicles. It can be disseminated for use in other industrial
applications, added to the natural gas grid, or used on-site as energy, all of which help create
a more ecologically friendly and sustainable energy system [86,88].

Biogas upgrading via METs provides several advantages, including increased methane
production, lower greenhouse gas emissions, and the possibility of connection with current
biogas production systems. There are still obstacles to solve, such as optimizing reactor
design, improving electrode materials, and establishing long-term microbial community
stability. For example, process scaling must be validated before commercialization; energy
efficiency remains low, resulting in economic constraints; and new value compounds created

by CO; could be studied [86,88,110,119].

VIl. Economic and technological challenges of biogas upgrading

The economic and technological limitations connected with biogas upgrading, technologies
are facing significant economic challenges, mainly due to the high operational cost of biogas
creation, operation, maintenance and utilization. One of the most significant obstacles is the
capital investment needed to upgrade equipment and infrastructure. Installing and operating
upgrading technologies like as compression, adsorption, membrane separation, or chemical
procedures can be costly. Finding economically viable alternatives to reduce capital
investment and operating expenses is critical for widespread biogas upgrading adoption. Due
to the initial cost-effectiveness of the plant installation, unsustainable and less suitable biogas
upgrading technologies are frequently developed, which has unprecedented and extremely
negative long-term effects. To ensure the long-term viability of biogas upgrading technology,

process optimization [61,130]. The techno-economic and energy-economic issues associated
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with biogas upgrading technologies are diverse, and they frequently lead to the deployment
of less expensive but more energy-aggressive solutions, risking their long-term sustainability
and relevance to the respective framework. Furthermore, there are concerns with the supply
and stability of biogas feedstock. The content and quality of biogas might differ depending on
the feedstock utilized, influencing the efficiency and efficacy of upgrading processes. Having
a regular and reliable source of feedstock is critical for maintaining consistent biogas
production and upgrading processes. Another major issue is the efficiency with which
impurities are removed. Impurities in biogas such as CO;, H.S, and VOCs must be properly
eliminated in order to achieve quality standards. Increasing impurity removal efficiency,
particularly for trace contaminants or those needing specialized treatment procedures,
provides continual technological problems [89,114].

Scalability and flexibility are essential factors to consider while developing biogas upgrading
methods. Upgrading methods must be adaptive to various biogas production quantities and
capable of dealing with fluctuations in feedstock availability and composition. To achieve the
different requirements of biogas production, the ability to scale up or down and adapt to
varying plant sizes and capacities is critical.

Besides from economic and technological problems, legal and policy frameworks are critical
to the expansion of the biogas upgrading sector. Inconsistent rules, a lack of financial
incentives, and ambiguous market structures can all stymie the development and profitability
of biogas upgrading operations. Supportive regulations, feed-in tariffs, and market
mechanisms can all be used to encourage investment, innovation, and the use of biogas
upgrading systems.

Continuous technical developments, research, and stakeholder participation are required to
address these challenges. Research activities aimed at improving the efficiency,
dependability, and cost-effectiveness of upgrading technologies, as well as investigating novel
ways for impurity removal and building integrated systems, it can propel biogas upgrading
forward. Collaboration among technology developers, politicians, academics, and project
financiers is critical for addressing economic and technological obstacles and providing a
favorable climate for the biogas upgrading sector’s long-term growth [61,110,119].

To overcome the shortcomings of environmental issues and the cost-effectiveness of
upgrading technologies, many technologies have been tested and applied to remove

impurities from biogas, such as water scrubbing, physical and chemical scrubbing, membrane
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separation, pressure swing adsorption, biological methods, etc. however Physical absorption
is considered a proper method that conforms to green technology and engineering standards
[67,110,119].

Absorbents perform a crucial function by removing impurities from the biogas. Therefore, the
development of novel absorbents with high absorption capacity and high recyclability is
mandatory. The appropriate absorbent should moreover possess low viscosity, relatively low
toxicity, low vapor pressure, high boiling point, high absorption capacity and low cost. Water,
gathering all these characteristics, is typically used in biogas purification processes, mostly for
CO, capture. However, as a majority of VOCs are hydrophobic, water is not the most
appropriate solvent for these compounds. Consequently, substitute green solvents are
searched to replace the currently used organic solvents. The first well-studied alternative
solvents are ionic liquids (ILs), however, it was shown that lls can be toxic and non-
biodegradable and that their synthesis can be very costly and complicated. Recently, a new
generation of green solvents, namely deep eutectic solvents (DESs), were also successfully
used as absorption media and have been investigated in detail [134-139]. To
comprehensively address these challenges, biogas upgrading has the potential to maximize
the energy potential of biogas, reduce greenhouse gas emissions, increase the use of the

circular economy, and help lead to a sustainable, low-carbon energy future.

VIIl. Deep Eutectic Solvents (DES)

The development of an economical and ecologically friendly solvent is critical in the chemical
industry. The desire for environmentally friendly, less toxic, biodegradable, natural, and low-
cost solvents has gradually prompted the development of new alternative solvents. During
the last decade, green solvents, such as supercritical fluids, biobased solvents, ionic liquids
(Ils), and, more recently, DESs, have emerged as safe solvents. In recent years, DESs, a family
of solvents with distinct characteristics and a wide range of applications, have attracted a lot
of attention [140]. The name “eutectic” is derived from the Greek terms “eu” (which means
“well or good”) and “téktos” (which means “melted”). “Aliquefaction temperature lower than

that provided by any other proportions” is what the term “eutectic” refers to [141,142].
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Abbott et al. developed the concept of DESs in 2003 and describe the eutectic combinations
with different properties identified throughout their investigation. DESs are obtained by
combining two or more chemicals with high affinity for each other with specific non-covalent
interactions, thus, allowing for the formation of a eutectic mixture [143,144]. In order to
develop a DES, the right components must be chosen, typically a hydrogen bond acceptor
(HBA) and a hydrogen bond donor (HBD). The HBA is often a molecule capable of acting as a
Lewis acid or forming coordination complexes, whereas the HBD is a compound composed of
hydrogen atoms [143-145].

DESs exhibit a eutectic point, which is the particular composition and temperature where
their lowest melting point is reached. The DES reaches an ideal composition at the eutectic
point, maximizing interactions between the components, resulting in unique molecular

structures and a lower melting point than the individual components (Figure 11) [142,143].
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Figure 11. Liquid-solid phase diagram of a binary mixture.

The solid-liquid equilibrium representation of a deep eutectic mixture shows that the
transition from solid to liquid is not as sharp as in an ideal eutectic combination. The increased
melting range in a deep eutectic mixture is due to interactions between the components,
which influence the molecular preparation and the energy required for phase transition. The
comparison between the solid-liquid equilibrium of a simple ideal eutectic mixture and a deep

eutectic mixture highlights the different behavior and phase transitions observed in these
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systems. Therefore, as shown in Figure 11, the Deep attribute is determined by comparing
the ideal eutectic temperature (Te,ideal) With the experimental mixing temperature (Tg).
Consequently, we can classify the mixture as "Deep" or eutectic by determining this
difference temperature (AT), which can be linked to the non-ideality of the mixture.
Nevertheless, the liquefaction curves of the two compounds intersect at the eutectic point
with a composition Xe or Xgideal. Thus, the liquid mixtures can also be obtained by
compositions far from the eutectic point, depending on the temperature applied to the
mixture. In these cases, eutectic mixtures are obtained which are liquid at a higher
temperature than the liquefaction curves of the pure compounds.

The deep melting can vary allowing for greater temperature control and stability, which can
be helpful in some applications. Understanding the eutectic point is critical for adjusting DES
properties for various applications since it enables for changes in melting temperature,
viscosity, conductivity, and other essential properties.

The formation of hydrogen bonds between the compounds is one of the theories advanced
in the literature by several groups to explain this deviation from the eutectic ideal. This started
after Abbot was looking for liquids that could overcome the moisture sensitivity and high cost
of some common lls [142,146—-149]. DESs were developed based on quaternary salts with
non-hydrate metal chloride and hydrate metal chloride, such as choline chloride (ChCl) and
zinc chloride (ZnCly) that fits into the category of type 1 and 2 (figure 12). Subsequently, many
other DES were developed, thus developing type 3. These are formed by combining ChCl as
HBA with carboxylic acids, alcohol, amine, sugar, or amide as HBD. Thereafter, group 4 was
created, which are solvents formed by transition metals (ZnCl;) mixed with organic molecules,
such as urea, acetamide, ethylene glycol and 1,6-hexanediol [148,150-154]. Furthermore,
type 5 is a new class of sustainable solvents. They are obtained by mixing solid non-ionic
compounds, which show significant negative deviations from thermodynamic ideality.
Therefore, asymmetric HBDs (strong HBD but weak HBA sites) and lone HBAs are considered
viable options for the development of type 5 DESs. As example we can cite the DESs obtained
with thymol and menthol, thymol and trioctylphosphine oxide (TOPO) or nonanoic acid (Co)
and TOPO [155-157].
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DESs types

Type 1 Type 2
Y = MCl, Y = metal chloride
M = Zn, Sn, Fe, Al, Ga, In hydrate (MCI, yH,0)

M =Cr, Co, Cu, Ni, Fe
Type 5

Non-ionic compound mixture

Hydrogen bond acceptor +
hydrogen bond donor

Type 3 Type 4

Y = hydrogen bond Y= hydrogen bond
donor (RZ) donor (RZ)
Z = CONH,, COOH, OH M = Al, Zn

Z = CONH,, OH
General formula:
Cat*XzY

Figure 12. Deep eutectic solvents classification.

Besides this classification based on the structure of the DES components, several DES families
have emerged in the literature. Natural Deep Eutectic Solvents (NADES) are a specific type of
deep eutectic solvents derived from natural compounds such as organic acids and sugars and
might combine to generate eutectic-type mixtures with qualities similar to synthetic DES.
Thus, DESs formed using an active principle as a component are called THEDES for therapeutic
DESs [145,158,159]. Hydrophobic DES (HDES) have recently been described. In the presence
of water, they have the ability to establish a stable two-phase system. They can be prepared
using quaternary ammonium salts and decanoic acid or with menthol and other carboxylic
acids [153,154]. More recently, supramolecular mixtures known as SUPRADES have emerged
[160]. They have been developed by using cyclodextrins (CD). It is noteworthy to mention
that CD are natural cyclic oligosaccharides derived from the enzymatic degradation of starch
[161,162]. CDs are of particular interest because of their hydrophobic inner cavity that can
easily form an inclusion complex with various hydrophobic guest molecules in order to

improve their physicochemical properties [161].
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Native CD are the a-CD, B-CD, and y-CD, made up of six, seven or eight (a-1.4)-linked a-D-
glucopyranose units, respectively. Afterwards, scientists synthesized chemically modified CD
in order to improve their properties, like for example the Randomly methylated B-CD
(RAMEB) [160,163]. SUPRADES have been developed by combining CD with HBD or by
dissolving CD in already prepared DES [163]. As example, B-CD was found to have a much
higher solubility in choline chloride:urea DES (1 g.mL?) compared to water (0.018 g.mL?)
[164]. The SUPRADES have been shown to form inclusion complexes with a variety of guest

molecules [160,165,166].

VIII.1. DES characterization

The selection of compounds that form DES creates a new generation of solvents with many
different types of materials and a huge number of combinations. The characteristics and
behaviors exhibited by these specific liquid mixtures set DESs apart from conventional
solvents and explain why they are becoming increasingly popular in a wide range of
applications. DESs have a variety of physico-chemical characteristics, including viscosities,
densities, water contents, melting and freezing points, and surface tension, etc. (table 5)
[149,167,168].

The low melting point of DESs is one of their important physico-chemical characteristics.
Because of this characteristic, some DESs may operate as liquids at room temperature or in
moderate circumstances, making them energy-efficient and environmentally friendly
solvents. Therefore, to achieve the criteria of green chemistry and engineering, the toxicity,

vapor pressure, and biodegradability of DES must also be determined [169,170].
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VIIIL.1.1. Viscosity

Viscosity is a crucial parameter for DES characterization and also an important property for
industrial applications. The viscosity of DESs can be tuned in order to meet certain application
requirements, such as gas absorption, by choosing various combinations and ratios of HBDs
and HBAs. DESs have an affinity for absorbing some components more than others due to
their selectivity towards particular gases. Another viscosity impact is how quickly mass is
transferred in DES-based processes. The efficiency and kinetics of numerous processes,
including absorption, can be impacted by higher viscosity. During the absorption process, high
dynamic viscosity of DES can result in delayed gas diffusion through the gas-liquid interface.
Due the high energy requirements, the absorption column produces large gas bubbles which
reduces the gas-liquid interaction, and it affects factors such as fluid flow, pressure drop and
mixture behavior [149,160]. Adding water to DES is one way to reduce its viscosity. Water
addition may significantly change other physicochemical parameters, resulting in a decrease
the absorption capacity of the DESs. Temperature has a significant impact on viscosity. DES
viscous at room temperature, can be therefore used in industrial operations at higher
temperatures. On the other hand, due to the exothermic nature of the absorption process,
increasing the temperature of the absorption process is not efficient. Thus, it is preferable to
select DES, which has a low viscosity at low temperatures. Moreover, using low viscosity
solvents in the gas upgrading can save energy on the whole dynamics process, such as mixing,
pumping, heat transfer and solvent regeneration. Understanding the viscosity of DESs
facilitates the optimization of process parameters to enable effective mass transfer.

As shown in table 5, there are various type of DES with low and high viscosities, including
hydrophobic, hydrophilic, cyclodextrins-based, ChCl-based, and non-ionic DES. However,
every single DES are utilized for a specific purpose. Viscosity is a key factor when scaling up
DES-based operations from the laboratory to industrial scale. By considering viscosity as an
important factor in industrial DES applications, researchers and engineers can improve the
entire process to successfully scale up DES-based processes to commercial production

[143,167,171].
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Table 5. Physicochemical properties of DES used for VOCs absorption.

DESs Molar Viscosity at Density at
ratio 20°C (mPa's)  20°C(g/cm3)
Choline chloride: urea 1:2 1618 1.17
Choline chloride: 12 362 1.14
levulinic acid

Rameb:Levulinic acid 1:27 212 1.184

Carvone:decanoic acid 1:1 5 0.93

Tetra_butylammc.)nlur.n 12 548 0.904
bromide:decanoic acid

Tetrabutylphosphonium 16 118 1.09

bromide: Levulinic acid

Ref. [136,169,172-175].

VIII.1.2. Density

Another important characterization is density. It may provide important information about
the composition. Considering DESs are formed by combining two or more components, the
density can be used to determine the concentration of the individual components as well as
their total proportion in the mixture. However, the density of DESs is directly linked to their
phase behavior. It describes liquid-liquid phase transitions, solid-liquid phase transitions, and
temperature-dependent density variations. In industrial contexts, density is a crucial
characteristic for quality control. It provides a measure of the reliability and purity of DESs
[167,169]. A DES's efficiency in industrial processes may be impacted by differences in its
composition or the presence of contaminants, which may be indicated by variations in
density. However, the impact of this parameter on the absorption process is minor. In
separation procedures, density discrepancies between components in a DES can be used.
Components can be separated based on the changes in their densities using procedures like
liquid-liquid extraction, centrifugation, or distillation. The selection of the DES regeneration
procedure can be influenced by DES density values. Extraction can be used to regenerate deep
eutectic solvents, whose densities are dramatically different from those of common solvents

like water [175].
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VIII.1.3. Polarity

DESs characterization include polarity as an important parameter. The distribution of charge
within a molecule is known as polarity, and it affects the interactions, behavior, and solubility
of DESs in a variety of applications. The polarity influences DES solubility in different solvents
as well as their capacity to dissolve other compounds. DESs with higher polarity have a
stronger affinity for polar substances. Due to the presence of comparable intermolecular
interactions, they can effectively solvate and dissolve polar solutes or gases. The polar nature
of the DES increases polar chemical solubility and absorption capacity. However, non-polar
DESs with lower polarity are better suited to dissolve non-polar substances or gases as well.
Lower polarity decreases affinity for polar solutes while increasing solubility and absorption
capacity for non-polar compounds. The selectivity of the absorbent is crucial depending on
the application. In the case of absorption, the polarity of the DES can also have an effect.
Based on their polarity or chemical properties, DESs with specific polarities may preferentially
absorb certain chemicals [145,176—178]. This selectivity might be useful in separation or
purification operations where specific chemical absorption is sought. However, the
desorption and release of absorbed compounds can be affected by the polarity of the DES.
Due to the intensity of interactions between the DES and compounds absorbed. Higher
polarity might cause stronger interactions, slowing desorption kinetics and potentially
changing the release or recovery of absorbed chemicals. In the case of temperature, the
polarity is able to change by increasing or decreasing the DES temperature. The decrease in
temperature often increases the polarity of the DES. The change is affected by an increase in
the hydrogen-bond donating acidity of the absorbent and the development of stronger
interactions between HBA and HBD. When setting up absorption procedures or selecting a
DES for a given application, the polarity of the DES must be taken into account. By matching
the polarity of the DES with the necessary solutes or gases, one of them can enhance
absorption capacity and selectivity, therefore increasing the absorption capacity of the DES

[158,172,177].

49



VIII.1.4. Surface tension

The surface tension of DES influences the mass transfer process as well. Surface tension is a
liquid property that defines the force at the interface of a liquid and a gas or another
immiscible liquid. It is the force that tends to reduce a liquid's surface area. However, the type
of DES (hydrophilic and hydrophobic), temperature, presence of additional solvents, HBA and
HBD, all have an impact on the surface tension of DESs [175]. DESs often have higher surface
tension, however some DESs are lower than water and conventional solvents. This is because
the DES's constituent parts interact strongly via hydrogen bonds. Therefore, they are more
likely to disperse and create foams on surfaces. This can improve the surface area available
for mass transfer during absorption processes. The effectiveness of VOC absorption is
positively impacted by low surface tension levels. When forming DES, HBA or HBD with a

longer alkyl chain should be utilized to lower the surface tension of absorbents [179-184].

VIII.2. DESs preparation

DESs are often prepared by mixing two or more compounds with the appropriate molar ratio
of HBD to HBA and heating the mixture under stirring to a reasonably high temperature,
usually between 60 and 100 °C until a homogeneous liquid is formed [185,186]. In case single
components are liquid at room temperature, the mixture can be formed without heating, as
in the case of DES based on choline chloride and levulinic acid (1:2). Instead of heating the
compounds, DESs can also be prepared by grinding, which involves combining them at room
temperature and pounding them with a mortar and pestle until a clear liquid is formed [187].
A different method is dissolving the compounds in water to form an aqueous solution, and
then using freeze-drying cycles to remove the water. After that, a desiccator is used to dry

the resulting viscous liquid DES [145,188,189].

VIII.3. DESs application

DESs have become a class of adaptable solvents with several uses in a variety of industries.
Researchers have begun to think about using these new solvents in a variety of domains of
application due to the exceptional and adaptable qualities of DESs as well as the growing need

for environmentally friendly processes and the desire to replace traditional organic solvents.
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DESs are used in a variety of applications, such as, extraction, microextraction, pharmacy,

solubilization and gas purification process by absorption (figure 13) [121-123,136].
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Figure 13. Distribution of publications on DES in the various domains (Scopus-consulted July

2023).

VIII.3.1. Extraction

Water and conventional organic solvents have long been studied for applications involving
extraction. However, researchers were driven to investigate DESs as extraction solvents due
to their more environmentally friendly nature, variables and exceptional solubilization
capacity compared to the toxicity of organic solvents and the unique water based polar
compounds. It allows the selective extraction of desire components from complicated
conditions, due to their capacity to dissolve both polar and non-polar compounds. Thus, DESs
in extraction procedures has drawn considerable interest from a variety of industries
[190,191].

DESs have showed potential in effectively isolating bioactive components from plant
materials and fermentation broths for natural product extraction. The isolation of high-value
natural compounds for use in pharmaceutical, nutraceutical, and cosmetic applications is

made possible by their ability to adapt qualities, which permit improved solubility and
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extraction effectiveness. Also, DESs are useful in the extraction of lipids and biofuels from
biomass sources like microalgae, which is a crucial step in the biofuel manufacturing process.
High extraction efficacy, selectivity, and compatibility with downstream processing are all
provided by DESs, aiding in the emergence of clean, renewable energy sources. Additionally,
DESs can be applied to analytical chemistry solid-phase extraction techniques as sample
preparation solvents. Technologies for solid-phase extraction based on DES enhance the
sensitivity and accuracy of analytical processes. DES-based extraction techniques could
become more effective, selective, and environmentally benign with more study and

development [148,192,193].

VIII.3.2. Solubilization

Following their unique features and tunability, DESs have gained a lot of attention in the field
of solubilization. DES's solubilizing ability is a high desirable quality that these solvents offer
advantages such as great solvation capacity, adaptability, and environmental sustainability,
making them appropriate for a wide range of field solubilization applications. DESs have
shown potential to improve the solubility of a variety of compounds, which is a highly
attractive feature that has contributed greatly to their consideration, including drug delivery,
bioactive chemicals, extraction, biomass, and others [194-199]. Their ability to dissolve polar
and non-polar molecules allows for the solubilization of most components, enabling its
effective use in a variety of applications. DESs have been investigated in the pharmaceutical
industry as drugs solubilizers for insoluble substances. These solvents can make drugs more
soluble and bioavailable, enabling more efficient drug delivery and better therapeutic results.
Low solubility and slow dissolution rates of certain drugs present a barrier, but DES-based
solubilization techniques present a possible answer [163,200-203]. When compared to other
DES and conventional solvents, NADES and THEDES offer various advantages for
solubilization, such as some bioactive chemicals and biological macromolecules. It is possible
to tune the solubilization properties of the desirable component in DESs by adjusting the
DES's composition and structure. Utilizing DESs for solubilization has several benefits,
including the possibility for low energy consumption and minimal environmental effect [204—

207].
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VIII.3.3. Absorption

VIIl.3.3.1. Carbon dioxide (CO;)

One of the pollutants that is most frequently studied is CO,, which is typically found in
industrial flue gases, power plant emissions, and other sources. One of the main causes of
global warming and climate change is the rising of CO, concentration in the Earth's
atmosphere, which primarily comes on by human activities such the burning of fossil fuels,
deforestation, and industrial operations. In order to control the rise in global temperatures
and the related negative effects, CO; emissions must be reduced. One of the primary methods
for trapping CO: is absorption. From industrial flue gases, power station emissions and other
sources, CO; is absorbed before being released into the environment, therefore the
absorbent must be carefully chosen. In the early days of CO, absorption, conventional
solvents such as water and aqueous amine solutions were used. Due to its abundance, water
was one of the first solvents to be used. However, its absorption capacity was limited. It also
required energy-intensive regeneration. Aqueous solutions of amines were a significant
improvement, as they were able to react chemically with the CO> to form stable compounds,
thereby increasing the absorption capacity. Despite that, these solvents had disadvantages
such as corrosion, foaming and high energy requirements for regeneration [196-199].

To address the limitations of traditional solvents, DESs have been studied for this purpose.
DESs can achieve better CO; absorption compared to conventional solvents. They can also be
regenerated with less energy, thus, reducing operating costs. In addition, by selecting specific
HBDs and HBAs, DESs can be tuned to the characteristics of the gases to be absorbed. Some
DESs are intended to be less hazardous and more environmentally friendly than conventional
solvents. Scientists and researchers began researching DES to better understand its behavior
and improve its efficiency once they realized how effective it could be at capturing CO,.
Scientists and researchers have begun to investigate DES in order to better understand how
it behaves and improve its efficiency. In brief, the replacement of traditional solvents with
DES for CO; absorption started out as a response to the need for more efficient, economical

and environmentally acceptable methods of carbon capture [208-212].
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VIII.3.3.2. Volatile organic compounds (VOCs)

While some conventional solvents are characterized by their low absorption capacity, DESs
can be used in absorption processes to capture and remove certain desired components from
gas streams such as VOCs that are the most often found in industrial and waste gas pollutants.
The presence of VOCs in air and waste gas streams is hazardous from an ecological, public
health, and industrial viewpoint. They are characterized by high toxicity and organism-
damaging. In order to reduce air pollution and satisfy the air quality requirements and
regulations, VOCs emissions must be under control. Additionally, the presence of VOCs in
biogas and natural gas production may have an impact on engine system corrosion, pollution,
and clogging. However, DESs have a high affinity for specific compounds and can increase the
selectivity and effectiveness of the absorption process. DESs can be designed according to the
required solute-solvent interactions, allowing for efficient absorption. Therefore, The DES
must be regenerated after becoming saturated with VOCs before it can be reused. Changing
the parameters, such as temperature or pressure, usually leads to the release of the captured
VOCs from the DES. Usually, they adapt to different conditions to facilitate regeneration.
[122,138,213,214].

Many studies have shown that the VOCs and impurities from exhaust gas can be absorbed by
DES with great absorption compared to conventional solvents. The efficiency of a number of
well-known ionic eutectic combinations based on quaternary ammonium and phosphonium
salts, including ChCl:U (1:2), ChCI:EG (1:2), ChCl:Gly (1:2), ChCl:Lev (1:2), TBPB:Gly (1:1),
TBPB:Lev (1:6), and TBAB:DA (1:2), was investigated. Different DES based on cyclodextrins
(CD) were also evaluated and demonstrated better absorption than conventional solvents.
These included Captisol:Lev (1:44), CRYSMEB:Lev (1:25), HP-CD:Lev (1:32), and RAMEB:Lev
(1:27) [136,161,165,215]. DES provide a flexible and sustainable ability to selectively capture
VOCs from gas streams. Furthermore, to the experimental process, theoretical research has
provided methods such as COSMO-SAC, ASPEN, and PC-SAFT to predict the absorption of
these impurities in DESs in order to simulate the condition.

We outline many DES characteristics and the various applications for these novel solvents in
this brief literature review. lonic liquids have a high VOC absorption capacity, according to

recent studies [194,216-218]. However, the cost and toxicity of their industrial application
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presents challenges. The effectiveness and viability of DES are being improved through

current research and development in this area.

VIII.3.3.3. Biogas upgrading

As we have seen before, biogas production is becoming increasingly important due to its
economic and environmental benefits. Biogas is rich in CHs and CO; and is produced from
organic materials such as agricultural waste, sewage, and food scraps. However, it contains
the most technologically challenging chemical component groupings, such as VOCs and other
impurities. Biogas must be purified to meet certain quality requirements before it can be
introduced into the natural gas network or used as an alternative transportation fuel.
However, there is a current need to develop an efficient and cost-effective biogas treatment
method to optimize the properties of high-methane gas (natural gas and compressed natural
gas) [17,78,81].

DESs are finally coming to be known as a potential and sustainable biogas absorption process.
They have unique characteristics, such as a chemical composition that can be adjusted, which
makes them useful for selective gas absorption. DESs are absorbents that can be used in the
biogas upgrading to remove specific contaminants from biogas stream. The advantages of
DES for biogas upgrading include high VOCs selectivity and other impurities, the possibility of
adjusting to different biogas compositions and potential energy efficiency during the
desorption (regeneration) process. In comparison to conventional solvents, they showed low
absorption capacity, and it can also reduce operational costs. DES-based biogas absorption is
useful in a variety of industries, including wastewater treatment plants, agricultural facilities,
and biogas upgrading plants. Research in this area is still focusing on enhancing DES
compositions, absorption processes, and scalability for larger biogas purification use.

Some studies have demonstrated that contaminants in biogas and exhaust gas can be
absorbed by DES with more efficiency than traditional solvents such as syringol (Syr):levulinic
acid (Lev), carvone (C): decanoic acid, ChCl:U, ChCl:Lev, (C):guaiacol (G):(Lev), and many
others.

In conclusion, the selective removal of impurities from biogas by the use of DESs for
absorption is a promising and sustainable process [122,123,219-222]. Biogas upgrading using

DESs is expected to have a crucial part in expanding the use of biogas as a renewable and
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sustainable energy source as research and development efforts proceed. Therefore, to solve
these limitations of conventional solvents, we evaluated the use of DESs for the absorption

of various groups of VOCs and other impurities found in biogas.

IX. Research overview

Due to the limitations of scrubbing solvents, the absorption of gaseous effluents is yet to be
extensively investigated despite having numerous benefits, such as a high absorption
capacity, adaptability to various industrial sectors, and others. The use of water, conventional
solvents and amine scrubbers has been the oldest and most popular method of biogas
upgrading due to the lack of flexible and economical scrubbing solvents. However, since most
VOC contaminants are hydrophobic, some solvents are not the best for these compounds.
Therefore, they are not effective enough to remove VOCs. In addition, to avoid undesirable
events such as costly solvents, engine failure, low impurity absorption capacity, etc., biogas
must be upgraded to remove impurities from raw biogas and meet biomethane quality
requirements. Moreover, the appropriate absorbent developed shall have low viscosity,
relatively low toxicity, low vapor pressure, high boiling point, high absorption capacity and
low cost. These physicochemical properties are attractive from an industrial point of view.
DES have physicochemical properties such as viscosity and polarity that can be tuned to meet
these requirements. The purpose of this study is to evaluate hydrophobic DESs and
conventional green solvents as VOC and CO; absorbents for biogas upgrading. The research
is conducted in collaboration with our industrial partner (Terrao®), which is committed to
driving innovation and addressing important global issues, thereby contributing to real-world

applications.

IX.1. Choice of biogas impurities

The composition of biogas varies depending on the kind of biogas feedstock and the relative
amount of each feedstock. Impurities found in biogas include carbon monoxide, hydrogen,
hydrogen sulfide, oxygen, nitrogen, and a variety of VOCs (alkanes, alkenes, siloxanes,
terpenes, halogenated and aromatic hydrocarbons). We chose VOCs with a variety of physical
and chemical properties that are found in biogas. Table 6 shows the impurities of biogas

selected for our study.
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I1X.2. Choice of DESs and conventional solvents

The combinations that form the DES have been developed using components that can be
produced on an industrial scale. However, there were two options for producing chemicals:
chemical synthesis and natural extraction. For example, hydrophobic DESs with long chain
fatty acids (caprylic, pelargonic, capric, and lauric acid) are widely used in many applications
such as the flavor and fragrance industry, cosmetics and personal care products,
pharmaceuticals, and furthermore, while choline chloride and cyclodextrins are usually used
in the food industry and drug delivery. Nonetheless, conventional solvents are currently used
in a wide range of applications. As a result, these components are available, facilitating their
industrial application. Table 7 and 8 shows the structures of the DES and conventional

solvents components.
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Table 6. Structures and characteristics of selected VOCs.

. Methyl
. . . Dichloro
VOCs Toluene Limonene Pinene Siloxane D4 Decane Heptane ethyl Decene
methane
ketone
CH G
3 HZC%_/ H3C CH3 HaC S,CPZ:; ”
: i Ha
o) (1 CHa SN PN I N N N
HsC O-Si~cH CH
CH HeC CHy ’
3 HsC
Family Aromatic Terpene Siloxane Alkane Halogenated Ketone Alkene
Water
solubility 526 7.57 2.5 0.056 0.052 34 13 220000 0.1
(mgLl)25C

Ref. [https://pubchem.ncbi.nim.nih.gov/].
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Table 7. Selected DES component structures.

Molar

Deep Eutectic Solvents . Abbreviation
ratio
HBA HBD - -
Octanoic acid
o 3:1 Cs:C12
/\/\/\)J\OH

Nonanoic acid Dodecanoic acid

0 o 3:1 Co:C12

\/W\)LOH /\/\/\/\/\)J\OH

Decanoic acid

o 2:1 C10:C2
/\/\/\/\)J\OH
ChcCl
cl Levulinic acid
2:1 CL
O
>K‘/\/ ) 0
| CH3
HO
Rameb
O
7:3 RL

%;;’& g\i Propylene glycol
ﬁ% jﬁ/} Ho/\( 1:30 RPG

OH

R=-H or -CHs, DS=12.9
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Table 8. Selected conventional solvent’s structure.

Conventional Solvents Abbreviation = Water content (%)

Acetic acid

O

AA 0.05
)J\OH

Benzyl alcohol

HO BA 0.08

Cooking oil co 0.06

Propylene carbonate

e o
O /g PC 0.07

Propylene glycol
PG 0.52
OH PG16 16
Glycerol
OH G 0.36
HO\)\/OH
Latic acid
(0]
HsC
\Hk OH LA 9
OH
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Chapter 1 — State of the art

1. Aim of the study

The purpose of this study was to evaluate DESs and conventional green solvents as new
absorbents for biogas upgrading and to select the most promising for upscaling (Figure 14).
Indeed, this study was performed in collaboration with an industrial partner (Terrao®) who

developed new mass and heat exchanger.

e Objective 1: Selection, preparation and characterization (density, viscosity, IR and
water content) of DESs and conventional solvents.

e Objective 2: Evaluation of absorption capacities by using static headspace gas
chromatography (SH-GC) to identify the DESs/solvents with the best VOC affinity. The
effect of various factors including temperature, water content and initial VOC
concentration were evaluated as they can influence the absorption process. Also, the
absorption of VOC mixtures by DES was tested. Finally, we evaluated the regeneration
of the studied solvents.

e Objective 3: Validation of the absorption capacities of DES and conventional solvents
in a laboratory-scale dynamic absorption device (mimicking an industrial dynamic
scrubber). Analyzing the effect of temperature, flow rate and water content on the
absorption capacity of these solvents. Applying the device to synthetic biogas.

e Objective 4: Comparison of the performance of selected absorbent at industrial scale.
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Figure 14. Methodology used in our study to evaluate DESs and conventional solvents as absorbents for biogas upgrading.
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Chapter 2- Preparation and physicochemical characterization of the DESs and
conventional solvents

In this chapter, we have studied the physicochemical properties of the DES and conventional
solvents tested for the removal of biogas impurities. We present the techniques and methods
used to characterize the absorbents, such as viscosity, density. Furthermore, the interaction
between DES components and between DES and volatile organic compounds were

investigated using FT-IR.

I. Preparation of the studied DES

During this study various DES were prepared using octanoic acid (Cg), nonanoic acid (Co),
decanoic acid (Cio), choline chloride (ChCl) and randomly methylated B-CD (RAMEB) as HBA,
and dodecanoic acid (Ci2), levulinic acid (Lev), and propylene glycol (PG) as HBD. The
composition of the evaluated DES as well as their water content is given in table 9. The DESs
were prepared by stirring the two components (HBA and HBD) at the desired molar ratio at
60 °C until a clear homogeneous liquid was formed. All compounds were used without pre-
treatment to prepare the DES, except for choline chloride (ChCl), which is dried in an oven at

60 °C for at least two weeks to reduce the amount of water [1-3].

Table 9. Composition of the studied DES and their water content (%).

. . . Water
Solvents Ratio Abbreviation content (%)
HBA HBD
Octanoic acid 3:1 Cs:C12 0.11
Nonanoic acid Dodecanoic acid 3:1 Co:C12 0.07
Decanoic acid 2:1 C10:C12 0.05
Chdl 1:2 CL 0.06
Levulinic acid
RL 2.00
Rameb 1:30
Propylene glycol RPG 2.30
Propylene carbonate - PC 0.07
- PG 0.52
Propylene glycol
- PG16 16.00
Glycerol - G 0.36
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Latic acid - LA 9.00
Acetic acid - AA 0.05
Benzyl alcohol - BA 0.06
Cooking oil - co 0.04

Il. Characterization of the DESs and conventional solvents

Physicochemical properties like density and viscosity are important parameters that can
affect mass transport processes thus, influencing their performance. We studied he
physicochemical properties of the DESs and traditional solvents used to evaluate their
capacity to absorb impurities from biogas. In order to characterize DES and traditional
solvents, we present the methodologies and methods used to measure the viscosity, density,
Infrared spectroscopy, and water content. The viscosity and density of the studied solvents
were measure using SVM 3001 (Anton Paar), FT-IR spectra were recorded with an ATR
(Attenuated Total Reflection) module on a Thermo Scientific™ Nicolet iS5 spectrometer, and

the water content was determined by Karl Fischer titration (Mettler Toledo C20S KF Titrator).

I1.1. Water content %

Water content is a critical factor that can have a significant effect on solvent characterization
such as viscosity, thus, changing the process efficiency. It is a fundamental tool for
determining the properties of DES and conventional solvents. Karl Fisher titration provide
accurate information on water content, enabling the development and optimization of these
solvents for specific applications. Accuracy is therefore required in the transition from
laboratory to industrial scale. Indeed, in many industrial processes, choosing the right
absorbent is a crucial step, especially in situations such as gas absorption where performance
can be greatly impacted by water content as some compounds contain water content that
may be naturally present in DES. A high-water content level might limit the absorption
performance. The water content present in six DESs and eight conventional solvents are given

in Table 9.
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The values obtained for all DES and conventional solvents range from 0.05 to 16 wt%. The
lowest wt% were obtained for the DES based on fatty acid certainly linked with the
hydrophobic properties of the long alkyl chain fatty acid. The DES based on cyclodextrins
contain more water that conventional DES. This could be explained by the presence of water
in the cyclodextrin cavity. These values are in good agreement with the one obtained in
previous studied with SUPRADES. The obtained values for ChCl:Lev showed a similar water

content (0.06%) compared to the literature which showed a 0.05 wt% water content [2,4,5]

11.2. Melting point

The depressed melting point of deep eutectic solvents can be used to identify them. The
melting point of DESs is significantly influenced by the molar ratio, alkyl chain length, and
hydrogen bond donor, as shown in Table 10. According to Florindo et al. [1] the melting point
of the hydrophobic DES based on long alkyl chain fatty acid is lower than that of their pure
constituents. There is a significant drop in melting point of more than 10 °C compared to the
individual materials [1]. Nevertheless, for SUPRADES several studies report that these DESs
showed only a glass transition and no melting point with a temperature in the range from -13
to -75 °C [2,6]. Meanwhile it is clear that these novel neutral eutectic solvents do not exhibit
the same melting point depressions as ionic compounds, which may reach 178 °C in the case

of choline chloride and urea [3,7-9] .

Table 10. Melting temperatures and molecular weight (MW) of fatty acid-based DESs,
individual materials and conventional solvents used in this work.

MW Melting point

(g/mol) (°C)

Cu 200.32 43.2°

Cwo 172.26 31.6°

Co 158.23 12.6°

Cs 144.21 16.7°
Cs:C12 (3:1) 162.91 9?
Cs:C12(3:1) 168.75 9°
C10:C12 (2:1) 179.28 18°

PC 102.09 -55°
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PG 76.09

-60°
G 92.09
LA
AA 60.05 16°
BA 108.13 -15°
co - -17°

2[1] P [https://pubchem.ncbi.nlm.nih.gov/].

I1.3. Viscosity

The Anton Paar SVM 3001 viscometer measures the torque needed to overcome the
resistance provided by the viscosity of a liquid sample by rotating a spindle inside the liquid
sample. This measurement makes it possible to determine viscosity accurately and reliably. It
also provides temperature guidance benefits, such as within-range control and repeatability
(0.005 °C). A certified viscosity and density reference standard was used for calibration. All
studied solvents were measured at temperatures between 20 and 60 °C at atmospheric
pressure. The experimental viscosity values were fitted as a function of temperature, using

the Vogel - Fulcher - Tammann (VFT) model (Eqg.1):

n= A eB/(T-To) (Eq.1)

where A’ (mPa-s) quantifies the viscosity at infinite temperature, and B (K) and TO (K) are

empirical constants.

The experimental viscosity results of DESs and conventional solvents as a function of
temperature are presented in Table 11. The experimental viscosity values could be fitted as a
function of temperature, using the Vogel - Fulcher - Tammann (VFT). The fitting parameter
for each solvent are presented in Table 12. For all the samples, a decrease in viscosity with
increasing temperature was observed (Figure 15). This behavior is similar to the one reported
for most of the described DESs [1,5,10-12]. The same behavior was observed in the case of
conventional solvents. As the DES based on fatty acid present a low viscosity at room
temperature, they undergo a flat decay at elevated temperatures compared to highly viscous

solvents. The obtained viscosities of the hydrophobic fatty acids DESs are quite low, ranging
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between 6 and 9 mPa-s at 30 °C. Moreover, the viscosity is influenced by the length of the
alkyl chain of the fatty acids. In fact, the following order was observed: Cs:C12 < Co:C12 < C10:C12.
These values and observations are in good agreement with those obtained in previous studies
for these three hydrophobic DES [1]. These values are lower than those measured for
hydrophilic and cyclodextrin-based DES, which range from 206.17 mPa-s to 300.9 mPa-s at 30
°C, respectively [13]. These values are consistent with the values of the most DES described
in literature such as tetrapropylammonium bromide: tetraethylene glycol and choline
chloride: resorcinol, which typically range from 84.6 to 326 mPa-s respectively. The viscosity
values are affected by the presence of water and other contaminants [14-16]. Among the
conventional physical absorbent PC present the lowest viscosity, but still the viscosity values
are quite small except for glycerol (550 mPa-s at 30°C).

Mass transfer and the dynamics of the liquid phase in a system are determined by viscosity.
However, by reducing viscosity, gas-phase compounds can absorb faster because molecules
will diffuse into the liquid medium more readily. The use of less viscous liquids, where
absorption and desorption are quicker and less energy-intensive for operations based on an

absorption column, is more desirable from an industrial perspective.

Table 11. Experimental DESs and conventional solvents values of the dynamic viscosity as a

function of temperature for the studied absorbent.

(n/ mPa-s)
T°C

Absorbents 20 30 40 50 60
Cs:C12 (3:1) - 6.08 4.69 3.72 3.01
Co:C12(3:1) - 7.35 5.58 4.36 3.49
Ci0:Ca2 (2:1) - 9.09 6.79 5.25 4.16
Rameb:PG (1:30) - 215.43  116.90 60.60 37.50
Rameb:Lev (1:30) - 208.45 108.17 61.92 38.16
ChCl:Lev (1:2) - 206.17 1148 69.30 45.13
Propylene carbonate 2.69 2.19 1.84 1.56 1.35
Propylene glycol 5402 3059 1837 11.78 7.82
Propylene glycol 16 3416 2023 12.74 8.50 5.94
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Benzyl alcohol 6.4462  4.6763 3.5073 2.7103 2.1495
Glycerol 12811 550.18 261.72 136.34 76.716
Cooking oil 79.93 51.56  34.84 24.64 18.1

Table 12. Fitted parameters of Vogel-Fulcher-Tammann (VFT) model given by Equation (1)
for the studied absorbents.

Parameters

Absorbent A (mPa-s) B (K) To (K)
Cs:C12 (3:1) 0.84 922.07 112.29
Co:C12(3:1) 0.76 968.19 113.78
C10:C12 (2:1) 1.74 694.85 149.01
Rameb:PG (1:30) 1.19 928.36 188.30

Rameb:Lev (1:30) 1.19 928.34 187
ChCl:Lev (1:2) 1.94 928.45 188.56
Propylene carbonate 1.96 508.95 131.93
Propylene glycol 0.11 1369.62 40.70
Propylene glycol 16 0.38 980.22 159.29
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Figure 15. Experimental viscosity of the studied DESs (a and b) and conventional solvents (c)

as a function of temperature.
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I1.4. Density

The Anton Paar SVM 3001 Viscometer is primarily designed to measure viscosity, but it can
also be equipped with a density cell to measure density at the same time. This cell uses the
oscillating U-tube principle. Standing waves are generated within the U-tube as a result of
these oscillations. This approach is often used for accurate density measurements and is
based on the idea of resonance frequency. Temperature control, like with viscosity
measurements, is critical for precise density measurements. The SVM 3001 uses a
temperature control system in order for the sample temperature to remain constant during
the measurement. All solvents studied were measured at temperatures between 20 and 60
°C at atmospheric pressure. In order to fit the experimental density values, a linear fit was

adopted using the following equation (Eq.2):

p=A+AT (Ea.2)

where the density p is expressed in terms of: Ag the intercept of the linear fit, A; the slope of

the linear fit, and T (K) the ideal glass-transition temperature.

The experimental density results of DES and conventional solvents as a function of
temperature are presented in Table 13. The experimental viscosity values could be fitted as a
function of temperature with the equation (2) presented in Table 14. The density of all DESs
and conventional solvents decreased linearly with temperature as shown in Figure 16. The
experimental values at 30 °C ranged between 0.8901 to 0.8972 g.cm? for hydrophobic DESs,
1.11 and 1.18 g.cm3 for hydrophilic DES and 1.02 to 1.19 g.cm? for conventional solvents [13].
The obtained density of hydrophobic DESs at 30 °C are lower compared to most of the
described  hydrophilic DESs, like tetrabutylammonium:propylene glycol and
tetrabuthylphosphonium bromide: levulinic acid, that range between 1.05 to 1.11 g.cm?

[5,17].
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Table 13. Experimental densities of the studied absorbents as function of temperature.

Density (p / g.cm?)

T°C

Absorbents 20 30 40 50 60
Cs:C12 (3:1) - 0.89 0.88 0.88 0.87
Co:C12(3:1) - 0.89 0.88 0.87 0.87
C10:C12 (2:1) 0.89 0.88 0.87 0.86
Rameb:PG (1:30) 1.12 1.11 1.11 1.10 1.09
Rameb:Lev (1:30) 1.19 1.18 1.17 1.16 1.15
ChCl:Lev (1:2) 1.14 1.13 1.12 1.12 1.11
Propylene carbonate 1.20 1.19 1.18 1.17 1.16

Propylene glycol 1.03 1.02 1.02 1.01 1
Propylene glycol 16 1.08 1.07 1.06 1.05 1.05
Benzyl alcohol 1.04 1.03 1.03 1.02 1.01
Cooking oil 0.91 0.90 0.90 0.89 0.88

Table 14. Parameters, Ao and A;, of Equation (2) describing temperature dependence of

density of the studied absorbents.

Parameters
Absorbent Ao Aa (x10)
(g.cm?) (g-cm-?)
Cs:C12 1.132 -7.77
Co:C12 1.125 -7.64
C10:Cr2 1.116 -7.47
Propylene carbonate 1.514 -10.58
Propylene glycol 1.260 -7.63
Propylene glycol 16 1.297 -7.39
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Figure 16. Experimental density of the studied DESs and conventional solvents as a function

of temperature.

I.5. Infrared spectroscopy (FT-IR)

The FT-IR analysis provided many important insights into the structure, thus, understanding
better the molecular interactions between absorbents components and their mixtures. It was
possible, on the basis of the peak shifts, to find out which groups of individual compounds
were involved in the formation of the DES, and to determine if any by-products were made
during the preparation process. FT-IR (Fourier Transform Infrared Spectroscopy) spectra were
recorded with an ATR (Attenuated Total Reflection) module on a Thermo Scientific™ Nicolet
iS5 spectrometer between frequencies 4000 and 500 cm™.

Figure 17 shows the FT-IR spectra of the individual compounds of the C10:C12 and the prepared
C10:C12 DES. In addition, individual toluene, limonene, siloxane D4 and their mixture (TLS)
were evaluated in order to observe the behavior on absorption of individual VOCs and TLS
mixture in C10:C12. Figure 17a displays the FT-IR spectra of Cio, C12 individual compounds and
C10:C12 DES. The peaks observed at 2900 cm™ and 2800 cm™ correlate to the -CHs and -CH>
stretching vibrations, correspondingly. The peaks of the mixtures at 1689 to 1705 cm™ is
attributed to the characteristic C=0 stretching mode, also the absorption band found

between 3000 cm™ and 3500 cm™ is attributed to the hydroxyl group of the fatty acids.
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Comparing the spectra of all DES mixtures and their individual components, it can be seen
that all show the same characteristic peaks, indicating that no chemical reaction has occurred
between the Cip and C12, components. These values and observations are in good agreement
with the literature [18-20].
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Figure 17. FT-IR of the prepared a) DES mixtures and their individual components: Ci10:C12, C12
and Cjo0. b) VOCs alone and VOCs mixture c) DES mixture, VOCs alone absorbed by DES and
VOCs mixture absorbed by DES C10:Cy.
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The figure 17b and c shows the spectra of the DES after the absorption of VOCs, for toluene,
limonene, and siloxane D4 individually and for their mixture in C10:C12. For individual toluene,
the C-H bending is visible as medium-intensity peaks in the 700-1000 cm™ range, which are
the result of the C—H bonds in toluene bending vibrations. The stretching vibration of the
carbon-carbon (C-C) bonds in the benzene ring is represented as a high peak in the aromatic
characteristic at about 1500 cm™. An indication of an aromatic chemical is this peak.
Regarding for toluene absorbed by C10:C12, the peak at 730 cm™ is characteristic of the pattern
aromatics substitution. Furthermore, the strength of the C=0 Stretch vibration at 1689-1706
cmin the DES increases considerably after the absorption of toluene. This may be due to an
enhanced m-1t interaction between the C=0 bond in the fatty acids and the aromatic ring of
toluene, since a similar C=0 stretching vibration is observed in DES with a high efficiency of
liquid-liquid extraction of toluene from mixed solvents. Negligible changes were observed in

the peaks associated with CHs, CH> and hydroxyl groups after toluene absorption [18-21].

In addition, when limonene is studied by FT-IR, several distinctive peaks in the IR spectrum
can be seen in Figure 17b, each corresponding to specific vibrational modes of the molecule.
Bending of the C-C and C-H vibrations cause peaks in the 750 to 1000 cm™ range. Terpene-
related bandsin limonene are frequently connected with skeletal vibrations and display
bands in the 1100 to 1250 cm™ area. A carbon-carbon double bond (C=C) is found in limonene.
The stretching vibration of this double bond often manifests as a prominent peak in the 1650-
1750 cm™ region. The peaks between 2000 and 2500 cm™ are where the C-H stretching
vibrations sequence. Individual peaks of limonene can be observed corresponding to the

exact same peak for limonene absorbed by the C10:C12 as shown in Figure 17c [22-24].

For siloxane D4, when analyzed by infrared (IR) spectroscopy, several peaks can be observed
as shown in Figure 17b. In the 500-600 cm™ range, bending vibrations connected to the Si-O-
Si bonds may be observed. Due to the Si-C bonds in siloxane D4, stretching vibrations are
frequently seen between 700 and 900 cm™. However, the strongest peaks in the IR spectra,
which typically occur between 1000 and 1200 cm, are linked to Si-O stretching vibrations.
Peaks associated with C-H stretching vibrations may be visible in the 2800-3000 cm™ range,
especially if the molecule contains methyl (CHs) groups. For each siloxane D4 peak is

associated with an individual bond due to siloxane absorption by the DES as shown in Figure
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17c [25-28]. Finally, the TLS mixtures showed the individual peak as observed for each VOC
separately, while the absorbed TLS DES again showed the same peaks as TLS mixture as can
be seen in Figure 17c. Altogether, the observed results suggest that the studied VOCs are

mainly absorbed physically by the DES, with no formation of new chemical bonds.

In this chapter, we have determined several physicochemical parameters of DES and
conventional solvents (water content wt%, viscosity, and density). Also, in order to determine
the functional groups of the molecules involved in the obtention of DES, the infrared spectra
of DES and of its individual components have been determined. Once the solvents obtained
have been characterized, the purpose of the next chapter is to determine the absorption

capacity of DES and conventional solvents for the biogas impurities.
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Chapter 3 - Deep eutectic solvents and conventional solvents as absorbents for
the removal of biogas impurities in static and dynamic processes

This chapter describes the methods and conditions used to determine the absorption capacity
of the biogas impurities in the absorbents. The effects of various factors have been evaluated.
These include temperature, water content, initial VOC concentration and VOCs mixtures, as
these can affect the absorption capacity. Three experimental methods were used to
determine the efficiency of DES and conventional solvents as biogas impurities absorbents at
laboratory and industrial scale i) determination of the partition coefficients of VOCs and CO;
in the absorbents by static headspace gas chromatography, ii) determination of the
absorption capacities of absorbents in dynamic process and iii) using an exchanger developed
by our industrial partner (Terrao®). We also tried to explain the absorption mechanism of
some solvents by COSMO-RS calculation. Additionally, the regeneration of the studied

solvents was evaluated.

I. Determination the vapor-liquid partition coefficients (K) of VOCs

The vapor-liquid partition coefficient (K) is a fundamental parameter that expresses the mass
distribution between two phases (gas and liquid) in equilibrium, the liquid phase being either
water or solvents. It depends on the solubility of the analyte in the liquid phase and is defined
as the he ratio of the concentrations of the component in each phase. The use of
appropriately diluted VOC solutions enables us to compare the K values obtained with Henry's
law constants (Hc) in aqueous solution. K values were measured by static headspace gas
chromatography (SH-GC), following a combination of two methods the phase ratio variation

and vapor phase calibration. The K is defined by the following equation (Eq.3) [1-3].

_ G
K = . (Eq.3)

where Cg and C are the respective concentrations of the solute in gas and liquid phase at

equilibrium.
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I.1. Static headspace-gas chromatography (SH-GC)

In the present study, we obtained K values using gas chromatography connect to a static
headspace. This method is based on gas extraction to analyze the vapor phase of a sample.
The sample (liquid or solid) is first placed in a vial before being tightly sealed. The vial is then
placed under a temperature control until equilibrium is reached between the two phases.
Consequently, the gas phase in the sample is then collected and transferred to the carrier gas,
which is sent to the column for gas chromatographic analysis. We can analyze the volatile
components by collecting the gas phase sample. A vial used in our studies is shown in Figure
18, where a volatile component is in equilibrium with the two phases already present. All
measurements were performed with a Thermo Scientific TriPlus™ 500 headspace
autosampler coupled to a Trace 1300 gas chromatograph equipped with a flame ionization

detector and a DB 624 column using nitrogen as carrier gas.

l I I (Co)
Water/
Absorbent

(Co)

Figure 18. Vial used for headspace analysis with different phases.

1.2. K-value of VOC in water using phase ratio variation method (PRV)

The PRV method was used to determine the K value in water as described by Kolb and Ettre
[4]. As shown in Figure 19 the same amount of VOC was added to several vials containing
different amounts of water. The vapor/liquid volumetric ratio and the ratio between the
corresponding chromatographic peak areas were used to calculate the K values. Using the
previously obtained vapor-liquid partition coefficients of the VOCs in water, it is possible to
be able to draw the calibration curve linking the VOC concentration in the vapor phase to the

area under the chromatographic peak area.
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il

#V H,0

Figure 19. Several vials containing different amounts of water with the same amount of VOC
[5].

In order to determine the K values of VOCs in water, stock solutions of the various VOCs were
prepared in ethanol or water at 10,000 ppm. Then a precise volume of this stock solution is
added to different water volume. As shown by Grossett et al., who noted a drop in the Henry's
law constant (Hc) of tetrachloroethylene for methanol levels above 5%, the final
concentration of ethanol is less than 0.1% and has no effect on the K values [6].

The partition coefficient K is measured at thermodynamic equilibrium between the two
phases (gas and liquid). The vials containing VOCs in water were placed in a chamber
thermostatically controlled at 30 °C for 30 minutes. The vials were then analyzed by GC. The
K values were determined by the ratio between the respective chromatographic peak areas

and the vapor-liquid volumetric ratio (Eq.4) [2,4].
Ce
CLO X VL = <7 X VL) + (CG X VG) (Eq4)

Where Cio: Initial concentration of solute in solution (mol.L?)
Vi: Volume of aqueous solution in vial (mL)
Cs: Concentration of solute in gas phase at equilibrium (mol.L?)

Vs: Volume of gas phase in vial (mL)

The concentration of the gas phase is proportional to the area of the chromatographic peak

(A):

A = aCg (Eq.5)
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A A
CLO X VL == <E X VL) + <E X VG) (Eq.6)

Where A: Chromatographic peak area
a: Constant combining various parameters related to the apparatus used
1 1Vg 1

v, —av, Tax (Ea.7)

where A is the peak area, a is a constant incorporating several parameters, Vg is the vapor
volume and V. is the liquid volume. By plotting the graph 1/A.V, as a function of the ratio
between the volume of the gas and liquid phase (Vs/V.), the value of K is obtained by the ratio
between the slope and the y-intercept of the straight line obtained. The experimental

conditions for the determination of K using gas chromatography are shown in Table 15.

Table 15. Experimental conditions used in gas chromatography for measurements of VOCs
individually.

GC Parameters

Column Analysistime/  Retention time /

VOCs temperature Y . .

. min min
C
Toluene 80 6 4.3
Heptane 80 4 2.6
Methyl ethyl ketone
(MEK) 80 5 3.16
Limonene 120 8 6.15
Siloxane D4 120 4.21
Decane 120 4.8
6

Decene 120 4.7
Pinene 120 4.06
Dichloromethane 40 4 2.6
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1.3 K-value of VOC in solvents using the vapor phase calibration method (VPC)

In order to determine the K values of VOC in absorbents the VPC method was used to
determine the co-relation between area and concentration in the gas phase. As shown in
Figure 20 different concentrations of VOCs were added to vials containing the same amount

of water.

+#[VOC]

=V H,0

v

Figure 20. Several vials containing same amounts of water with the different amount of VOC.

In this method, the areas obtained in the solvent vials are compared with the areas obtained
in the water vials to determine the K in the DES, as shown in Figure 21, following a
combination of two methods as described previously. The experimental chromatographic
peak areas allowed estimation of Cz and mass balance was used for determination of VOC

concentration in absorbents [2,4].

__ nhyocK
g = VL +KV; (Eq.8)

where nyoc is the total mole amount of VOC added to each vial. Since Cgis proportional to the
area under the chromatographic peak (A), we can draw the calibration curve between the

area and the gas concentration.
Different concentrations of VOCs were added to vials containing the same amount of DES (3.5

g) placed in 20mL vials using stock solutions prepared from ethanol at 100,000 ppm. These

vials were sealed and incubated at different temperatures for 24 h under magnetic stirring to
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reach equilibrium before SH-GC analysis. They were then placed in a headspace oven for two

hours at studied temperature.

L
GC analysis
Equilibrium time Amount of VOC
Water in the gas phase
1
Time (min)

Figure 21. Representation of the measurement of vapor—liquid partition coefficients (K)

using static-headspace-gas chromatography (SH-GC).
1.4. Results and discussion

1.4.1. Effect of equilibrium time

Gases and liquids often interact in a variety of applications, resulting in a state of equilibrium
where the concentrations of gases dissolved in the liquid phase and present in the gas phase
remain nearly constant. Gas-liquid equilibrium is essential for many processes, including gas
absorption, chemical reactions, and environmental activities.

The time required to reach gas-liquid equilibrium can vary depending on a number of factors,
including the type of the absorbents and gas, solubility of the gas, and temperature. While
some systems may reach equilibrium quickly, others may take longer. As a result, several
equilibrium times were evaluated in order to study the absorption behavior of toluene (295
ppm) in the DES based on fatty acid (Co:C12) and propylene carbonate (PC).

As can be seen in Figure 22, in the case of PC the areas ranged between 610, 455, 425, 335
and 339, respectively. 24 hours are necessary to reach the equilibrium. For Co:C12, there was
guite no variation in the area, which remained around 165, meaning that toluene is absorbed

fairly quickly after the VOC comes into contact with Co:C12. Previous studies with other DESs
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have also underlined the necessity of 24h equilibrium. Therefore, all the partition coefficient

measurements were performed after 24h equilibrium.

6004 = C,C,,
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Figure 22. Areas of toluene in Cq:C12 and PC at 30 °C for different equilibrium times.

1.4.2. Determination of K-values of VOC at 30 °C

The obtained partition coefficients (K) of all VOCs in water, DESs and conventional solvents at
30 °C are given in Table 16. The values in water are close to the one from literature [7-11].
Concerning siloxane D4, we can observe large variations in literature depending on the used
method or equilibrium time. However, the value obtained for 24H equilibrium is close to our
value. Moreover, all the experiments were performed at the same equilibrium time and
therefore the obtained K values in solvents could be compared to the one in water. The
decrease of K values observed for all VOCs in all the solvents in comparison to water indicated
that a greater amount of VOC was absorbed in these solvents. Moreover, the K values of VOCs
in hydrophobic DESs are lower compared to other studied DESs. Among the studied physical
solvents, glycerol showed the lowest VOCs absorption capacity. Furthermore, propylene
carbonate, cooking oil, benzyl alcohol, acetic acid and lactic acid exhibited good to moderate
VOCs absorption capacities. However, due to their high viscosity we decided to discard lactic
acid and glycerol. The commercial aqueous solution of propylene glycol showed highest K
value compared to the pure one. This result could be attributed to the amount of water (16%)

that lower the absorption efficiency of the solvent [12].
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Table 16. Partition coefficients (K) of VOCs at 30 °C in the different DES.

Chapter 3 — Static and dynamic processes

Absorbent Toluene Limonene Siloxane D4 Decene Decane Pinene Heptane Dichloro- MEK
methane
0.2942 42
2.322 182 6.35° 297 0.13° 0.005?
0.251° 5¢(20 °C)
Water 212
0.268¢ 1040 23 i‘i'fS'G' 25¢ 110 278 0.148 0.003¢
Cs:Ca2 4.75E-04  1.19E-04  2.97E-04  1.26E-04 1.15E-04 1.86E-04 1.64E-03 7.94E-03 6.59E-04
Co:Ci2 A55E-04  1.22E-04  2.92E-04  1.24E-04 1.27E-04 191F-04 1.65E-03 7.34E-03  6.75E-04
C10:C12 514E-04  1.13E-04  3.14E-04  1.23E-04 1.11E-04 1.89E-04  1.65E-03 9.34E-03 7.27E-04
ChCl:Lev 4.15E-03 ; ] ] ; ; ; ; ;
Rameb:lev  1.80E-03  6.18E-04  1.36E-02 ; 6.42E-03 ; ; ; ;
Rameb:PG  1.62E-03  6.21E-04  7.22E-03 ; 2.57E-03 ; ; ; ;
Propylene 1.20E-03  6.29E-04  5.54E-03  2.14E-03 4.12E-03  2.01E-03  2.06E-02  3.03E-03  3.30E-04
carbonate
Przs‘;';"e 3.31E-03  1.42E-03  1.23E-02  4.14E-03 6.19E-03  3.09E-03  2.96E-02 7.256-03  8.48E-04
Pgrﬁ'c’z:e&e 148E-02  1.17E-02  2.81E-02  5.57E-02 3.97E-02  2.80E-02  1.64E-01  1.80E-02  1.05E-03
Glycerol 4.06E-02  6.56E-02  8.42E-02 ; ; ; ; ; ;
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Benzyl
acohol
Acetic acid
(glacial)

Lactic acid

Cooking oil

6.04E-04

9.34E-05

6.05E-04

4.48E-04

2.69E-04

9.73E-05

1.61E-03

4.45E-04

8.20E-04

1.01E-04

4.45E-03

1.05E-02

2.94E-04

1.15E-03

aThis work, ° Ref. [3], °Ref. [8], ¢ Ref. [9], ¢ Ref. [7], fRef. [13], € Ref. [10], " [https://pubchem.ncbi.nlm.nih.gov/].
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Chapter 3 — Static and dynamic processes

One of the most studied VOCs in the literature is toluene. In the case of hydrophobic VOCs, it
serves as a model VOC. We have found that the toluene affinities of DESs vary. The obtained
K values for toluene in the six studied DESs and eight conventional solvents ranged between
4.55E-04 and 4.06E-02 (up to 646-fold lower than in water). Among the six DESs, Cs:C12
presents the lowest K value and among the eight conventional solvents, AA showed the
lowest K value and corresponds to a 4.8-fold greater absorption than the best DES physical
absorbent, Cq:C13, at 30 °C. Nevertheless, we decided not to continue using acetic acid due to
its corrosiveness and safety considerations. Therefore, the obtained values for hydrophobic
DES are among the lowest that could be found in the literature for DESs, ionic liquids, or oil
such as TBPBr:Dec (9E-04) and TBPBr:Lev (1.3E-03), these values and observations are in good
agreement with hydrophobic DES [10,14-19].

Concerning limonene, the K values in hydrophobic DESs ranged between 1.13E and 04 to
1.19E-04 corresponding to an up-to 20531-fold decrease compared to water [18,20]. DESs
showed once more the greatest capacity to absorb limonene compared to the other solvents,
except for cooking oil which was 9.73E-05. In addition, the K value in benzyl alcohol (2.69E-
04) was one of the lowest among the conventional solvents. Furthermore, since pinene
belongs to the same class as limonene (terpene), the same affinity profiles are observed.

K values of siloxane D4 ranged between from 2.92E-04 to 3.14E-04 in DESs and from 8.42E-
02 to 4.45E-04 in conventional solvents. This makes again hydrophobic DESs the most
effective absorbent and cooking oil and propylene carbonate the most promising
conventional absorbent. Few studies were dedicated to the evaluation of solvents (DESs or
ionic liquids) for siloxanes absorption [18,21-23]. However, no partition coefficients were
determined in these studies. Stupek et al. evaluated several DESs based on
tetrapropylammonium bromide and glycols and based on carvone as absorbents for the
removal of siloxanes from model biogas stream using COSMO-RS studies. Their results
underlined that DESs composed of carvone, and carboxylic acids presented a high affinity for
siloxanes [22]. This finding is in good agreement with the high affinity observed in our case
between the carboxylic acids-based DESs and siloxane D4 compared to the conventional
solvents. Due to the higher K values of VOCs in glycerol, as well as its high viscosity, no further

evaluation of this solvent was performed.

105



The VOC with the highest solubility in water is methyl ethyl ketone. This may be the reason
for the low K value in water in comparison to other VOCs. However, it is one of the VOC that
water can absorb more effectively than certain DES described in the literature, such as ChCl:U
and ChCI:G [10]. Hydrophobic DES and PG still show better absorption while BA and PC show
moderate absorption. However, they are in the same order of magnitude than hydrophobic
DES [5,10].

In the case of dichloromethane, we note similar capture in PC than the DES composed of fatty
acids and other conventional solvents. However, compared to the literature PC is the same
range as TBPBr:EG and TPBPBr:Dec based on quaternary salts substituted by long alkyl chains.
These observations are confirmed in the literature as Rodriguez Castillo et al. noted the
decrease in K values for several ionic liquids (ILs), silicone, and mineral oils [11]. A stronger
affinity for dichloromethane was also noticed by the authors for LIs with longer alkyl chains
[10,11,17].

The most suitable absorbent for long-chain linear hydrocarbons, such as heptane and decene,
are the fatty acidy with long alkyl chains such as Cs:Ci2, C9:C12 and Ci0:C12 compared to
conventional solvents and some DES in the literature. Considering the structural similarities
between heptane and decene, it is also found that the affinity profiles between the different
DES/VOCs are the same. The best absorption capacity for both heptane and decene can be
explained by the apolar environments of the DES alkyl chains. In comparison to water, our
results are more than 146,000 fold better, and they are 3-fold better than those for TBABr:Dec
found in the literature [10].

The good agreement between our values and those from the literature in the case of C1:C12
DESs validates the results obtained in this study for limonene and siloxane, as these VOCs
were not previously studied. The results obtained by the cooking oil could be explained by

the fact that cooking oil contains triglyceride (ester of glycerol and fatty acid).

Table 17 gathers the K values of toluene, methyl ethyl ketone and dichloromethane obtained
in the literature for various solvents. DES composed of fatty acids with long alkyl chains, as
both components, exhibited lower K values for toluene in comparison to the other studied

solvents.
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Chapter 3 — Static and dynamic processes

Table 17. Comparison of partition coefficient (K) for VOC in various solvents.

Absorbents ToC K (dimensionless) K (dimensionless) K (dimensionless)

Toluene MEK Dichloromethane
Cs:C12 4.75E-04° 6.59E-04° 7.94E-03°
Co:C12 4. 55E-04° 6.75E-04° 7.34E-03°
5.14E-04?
C10:C12 7.27E-04° 9.34E-03?
3.14E-04°
4.00E-03¢
ChCl:lev 6.50E-34 8.00E-03¢
30 5.00E-03¢
ChCl:U 2.60E-02¢ 5.20E-02¢
RAMEB:Lev 1.00E-03¢ - 9.00E-03¢
TBABr:Dec 9.00E-04¢ 4.00E-03¢ 5.00E-04¢
TBPBr:Lev 1.30E-03¢ 4.00E-03¢ 6.00E-04¢
Captisol:Lev 3.00E-03¢ - 1.30E-02¢
Silicone Oil 8.90E-04f 4.60E-03f 8.70E-03f
25
C4mim:PF5 9.60E-048 - -

aThis work ° Ref. [15] ¢Ref. [3] 9Ref. [10] ¢ Ref. [24] f Ref. [17] & Ref. [25].

1.4.3. Effect of temperature

Temperature is one critical factor that could affect the absorption of VOCs. The influence of
temperature on VOCs absorption was investigated at -20, 0, 30, 45 and 60 °C (except for the
DESs that are solid at 0 °C). As shown in Figure 23 the K values of all studied VOCs increased
with temperature whatever the studied solvent. This observation reflects a better absorption
of VOCs at low temperatures [18].

The K value of toluene in Cg:Ciz is 4.75E-04 at 30 °C, while it increases to 2.60E-03 at 60 °C.
Concerning the conventional solvents, the lowering of temperature allows them to reach
values close to the one obtained at 30 °C for the hydrophobic DESs. Indeed, for propylene
carbonate the K value decreases from 3.08E-03 at 60 °C to 2.65E-04 at -20 °C, the later value
being in the same range as the one obtained with the DESs (4.55-5.14E-04 at 30 °C).

These observations are similar for limonene and siloxane DA4. It is very clear from the results
that lowering the temperature had a beneficial effect on the absorption of studied VOCs and

could be used as a parameter to tune the efficiency of solvents.
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Figure 23. Partition coefficient (K) of a, b) toluene, ¢, d) limonene and e, f) siloxane D4 in the

studied solvents at different temperatures.

As the VOC absorption in the studied solvents presented a high-temperature dependence,
the absorption thermodynamic models were investigated. Therefore, the enthalpy change
(AH), entropy change (AS), and Gibbs free energy change (AG), were determined in order to
provide more information about the interaction between VOCs and absorbents (Table 18-20).
The variation of K with temperature can be interpreted in light of a Van’t Hoff type equation.
The variation of the enthalpy is related to the interactions between the VOC and the

absorbent in the liquid phase whereas the variation of entropy reveals the changes in the
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Chapter 3 — Static and dynamic processes

absorbent structure linked with the VOC dissolution, both determining the partition of the

VOC between the vapor phase and the liquid phase.
AG = —RTIn (=) = AH — TAS (Eq.9)
P .

where AG (KJ mol K1) is the Gibbs energy involved in the transfer of the VOC from the gas
phase to the solution, T (in K) is the temperature, R is the universal gas constant (8.314 J mol
1.K1) and AH (in k) molt) and AS (in J mol?! K1) are the molar enthalpy and entropy changes,

respectively, during VOCs absorption.

Table 18. Comparison of enthalpies (kJ-mol?), entropies (J-mol?-K 1), and Gibbs free energies

(kJ-mol?) of toluene absorption in different absorbents.

Absorbents AG (KJ) mol?) AH AS
°C 30 45 60 kJ-mol™ J-mol™-K™?

Cs:Ci2? -19.29 -17.63 -16.48 -47.67 -93.90
Co:Cy2? -19.39 -17.65 -16.26 -51.17 -97.65
Ci10:C15? -19.09 -17.42 -16.25 -47.83 -95.05

C10:C2° -19.07 -18.03 - -39 -67

ChCl:Lev® - - - -43 -31

TBABr:Dec® - - - -29 -12
pPC? -16.95 -16.14 -16.02 -21.78 -17.03

Table 19. Enthalpies (kJ-mol?), entropies (J-mol*-K?), and Gibbs free energies (kJ-mol?) of

limonene absorption in different absorbents.

Absorbent AG (kl-mol™) AH AS
°C -20 0 30 45 60 (k-mol™)  (J:mol™-K™)
Cs:C12 - - -22.78 -21.93 -21.43 -36.51 -45.44
Co:C12 - - -22.72 -21.99 -21.52 -34.86 -40.18
C10:C12 - - -22.89 -22.05 -21.60 -36.08 -43.69
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Propylene

1872 -18.34  -1825  -17.80  -17.39  -22.42 -14.59
carbonate
Propylene  1ces 1650  -16.44  -1510 -1478  -21.50 -22.61
glycol
Propylene 1194 4176 -1121 965 -9.45 -20.35 -29.35
glycol 16

Table 20. Enthalpies (kJ-mol?), entropies (J-mol*-K?), and Gibbs free energies (kJ-mol?) of

siloxane D4 absorption in different absorbents.

Absorbent AG (kJmOI_l) AH AS
°C -20 0 30 45 60 (kJ-mol™) (J:mol™t-K1)

Cs:Co - - -20.47 -19.64 -18.48 -40.59 -66.19
Co:Cis - - -20.51 -19.63 -18.64 -39.38 -62.21
C10:Ci - - -20.33 -19.57 -18.36 -40.16 -65.21

Propylene 1420 -14.15 -13.10 -12.05 -11.57 -23.13 -34.15

carbonate

Propylene  _13 o5 -11.33 -11.09 -9.98 -9.44 -19.74 -30.26
glycol

Propylene 1025 -9.52 -9.00 -8.22 -6.95 -19.42 -35.87

glycol 16

In particular, it is clear from the negative value of AG that all VOCs are favorably solubilized in
absorbents under our experimental conditions. The negative AH values indicate that the
dissolution of VOCs is an exothermic process. Notably, the |AH| values in the case of toluene
and DESs (51.1 to 47.6 k) mol?) are higher than those of conventional solvents (23.2 to 20.2
k] mol?) reflecting a stronger toluene dissolution tendency in the DESs. For all studied
absorbents the | AH| of VOC absorption is always higher than | TAS|, showing an enthalpically
controlled process.

The AG values for toluene in propylene carbonate was -16.95 KJ mol K at 30 °C, while it was
-19.39 KJ mol K1 in Cq:Cy, at the same temperature, confirming the previous statement that
the hydrophobic DESs in possess higher absorption capacities than conventional studied
solvents. Similar results were observed for limonene and siloxane D4, again showing that

lowering the temperature had a favorable effect on VOC uptake.
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1.4.4. Effect of initial VOC concentration

The effect of initial VOC concentration on the absorbed amount of VOC was investigated for
the different VOCs and solvents. As can be seen from Figure 24, in the case of Cq:Ci3, the
toluene absorption capacity increases with initial toluene concentration. The values ranged
from 0.29 to 2.6 mg toluene/g DES for initial concentrations between 59 and 531 ppm. These
results showed that the absorption of toluene in hydrophobic DESs is concentration sensitive.
Similar observations were found in ILs and DESs [1,15,26]. It has to be noted that the DESs
were able to absorb>99.8% of the initial VOC amount added in the vial and that the
absorbents are not saturated. Results indicate also a high absorption for low VOC
concentrations, underlining a great potential for impurities removal in biogas as VOCs are

present at low concentrations (<300 ppm) [27].
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Figure 24. Effect of initial toluene concentration on the absorption capacities of Cs:C12 at 30

°C.
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1.4.5. Effect of water on VOC absorption

Another critical factor that could affect the absorption of VOCs is the water content of
absorbent [12]. Therefore, the effect of water addition (10, 30 and 50 wt%) on the partition
coefficient of toluene, limonene and siloxane D4 in propylene carbonate, propylene glycol
and Cq:C12 was evaluated at 30 °C (Figure 25). Additionally, also the effect of water addition
(10, 20, 30, 40, 50, 60, 70, 80, 90, 95, and 99 wt%) were prepared for the three VOCs in
ChCl:Lev and Rameb:Lev in order to evaluate the K-value (Figure 25). The increase of K values
obtained for VOCs in the different solvents as a function of water content underline a lower
absorption of VOC upon water addition as observed previously for organic solvents
[12,16,18].

The K value of toluene in propylene carbonate increases from 1.20E-03, to 3.66E-03 in
propylene carbonate with 50 wt% water. Similar observations could be done for propylene
glycol where K value increases from 3.31E-03 to 8.75E-02 in propylene glycol with 50 wt%
water. The same observation was done for Cy:C1, with K increasing from 4.55E-04 to 1.33E-03

with 50 wt% water. This behavior is also observed for limonene and siloxane D4 (Figure 25).
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Figure 25. Partition coefficient (K) of a, b) toluene, ¢, d) limonene and e, f) siloxane D4 in

propylene carbonate (blue), propylene glycol (orange) and Co:C12 DES (green) with different

amount of water (10, 30 and 50 wt%) at 30 °C

In the case of toluene in ChCl:Lev the K value increases from 4.15E-03 (pure) to 0.270 with 90

wt% water (Figure 26). For toluene in Rameb:Lev the K value increased from 1.80E-03 (pure)

to 0.126 with 90 wt% water. The obtained K value of 2.91E-02 in Rameb:Lev with 60% of water

is similar to ChCl:Lev with 40% of water (2.63E-02) and PG with 30 wt% (2.52E-02), it shows

in this case that by adding more water in Rameb:Lev the K value is similar between them.
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Meanwhile, the K value of 3.66E-03 in PC with 50 wt% water showed similar values compared
to Rameb:Lev with 10% water (3.71E-03), Therefore, once again showing great absorption

capacity of PC even with 50 wt% water.
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Figure 26. K values of a) toluene in water, Rameb:Lev and ChCl:Lev in function of water and

b) limonene and siloxane D4 in Rameb:Lev at 30 °C.

1.4.6. Toluene absorption in industrial solvents and water/solvent mixtures

In this section, we wanted to evaluate the absorption capacity of various industrial solvents
towards toluene. Indeed, toluene is often use as a representative of VOCs and is found in

numerous gaseous effluents.
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As industrial effluents often contain both hydrophobic and hydrophilic VOCs as well as
moisture, a mixture of water and organic solvent may be sometimes more interesting than a
pure solvent, Therefore, from a fundamental, practical and economic point of view, it is
important to study the effect of water concentration on the absorption capacity of solvent
[2,12,16,18].

The obtained partition coefficients (K) of toluene in water, solvents and water/solvent

mixtures are presented in Table 21 along with the Kwater/Kabsorbent ratio [3,18,19].

Table 21. Partition coefficients values (K) of toluene in water, solvents and water/solvent

mixtures at 30 °C, and K water/ K absorbent ratio.

Absorbent H,0 (%) K Kuster/
Kabsorbent
2.94E-01%P
Water 100 2.51E-01¢ -
2.68E-01¢
90 2.23E-01° 1.3
80 1.46E-01° 2
Acetic acid
60 5.99E-02? 4.9
0 7.14E-042 412
90 1.14E-02° 26
80 4.26E-032 69
Benzyl alcohol 60 2.15E-03° 137
20 8.67E-042 340
0 6.04E-042 488
Propylene glycol 16 1.48E-022b 20

aThis work [19] PRef. [18] Ref. [3] “Ref. [8]

The K values obtained in the solvents and water/solvent mixtures ranged between 6.04E-04
and 3.26E-01 (up to 488-fold lower than in water). A lower K value corresponds to a higher
solubility of the VOC in the solvent. Therefore, the decrease in K values observed for toluene
in all solvents compared to water indicates a better absorption of toluene into the liquid
phase. The lowest K value was obtained using benzyl alcohol (BA). A slightly higher K value

was obtained for acetic acid (AA).
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The K value obtained for the commercial solution of propylene glycol (PG16) could be
explained by the amount of water (16%) that lower the absorption efficiency of the solvent
[12].

Indeed, in a previous study, the K value of PG was found to be lower than that of PG16 [18].
The increases in K values obtained for toluene in water/solvent mixtures as a function of
water content underline a lower absorption upon water addition as previously observed for
other organic solvents. The K value of toluene in BA increases from 6.04E-04 to 1.14E-02 (from
0 to 90 wt% of water). Similar results were observed for AA, with K value increasing from
7.14E-04 to 2.23E-01 (from 0 to 90 wt% of water). However, the effect of water is different
for AA and BA. Indeed, adding 60 wt% of water to BA still gives a K value 137 lower than that
of water, whereas for AA this ratio is only 4.9, for the same amount of water.

Toluene is widely considered as a model for hydrophobic and aromatic VOCs and thus has
often been studied. Table 22 summarizes the obtained K values found in the literature for

DESs, ILs, silicone oil or other organic solvents [14-17].

Table 22. Comparison of partition coefficient (K) for toluene in various solvents.

2 This work PRef. [18] ¢ Ref. [2] ¢ Ref. [1] © Ref. [3] FRef. [25] 8Ref. [17] " Ref. [28] ' Ref. [26] | Ref.

[12].

Absorbents HBA:HBD T°C K (dimensionless)
(molar ratio)

Glycerol - 4.06E-02°
N4444BF:C10 1:2 1.00E-03¢
N4444Br:Lev 1:6 1.00E-03¢

30

4.00E-03¢

ChCl:lev 1:2
4.50E-03¢
RAMEB:Lev 1:27 1.00E-03¢
C,mim:PFg - 9.60E-04f
Silicone QOil - 8.90E-048
DEHA - 25 3.50E-04"
n-Hexadecane - 1.00E-03

PEG 400 - 6.00E-04
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The K values of toluene in pure BA and AA are lower or in the same order of magnitude than
some previously studied solvents. The water/benzyl alcohol (60:40) mixture with a K value of
2.15E-03 exhibited interesting absorption capacities, close to the K value observed in DESs or
silicone oil. Therefore, adding 40% of BA to water can significantly increase its absorption and

thus have a positive impact from an economic point of view.

The absorption capacities at 30 °C for an initial amount of toluene of 295 ppm are presented
in Figure 27 The absorption capacities of the studied solvents and water/solvent mixtures
range from 1.424 to 0.728 (mg of toluene per gram of solvents) compared to 0.066 mg for
water. They gradually decreased as the amount of added water increased. It should be noted
that the absorption capacities will depend on the initial amount of toluene as previously
described [18] and that at this toluene concentration between 99.8 and 95% of the toluene is
trapped in the solvent for BA and water/BA mixtures and between 99.7 and 51% for AA and

water/AA mixtures.

AA A BA @ PG16 @ Water
1504
135 o 4 4 a
1.20
1.05
0.90 1
0.75
0.60 -
0.45 1
0.301
0.15
0.00-

mg toluene / g solvent

T T T T T T T T
0 20 40 60 80 100
% water

Figure 27. Absorption capacity of toluene (295 ppm) at 30 °C in the studied solvents and

water/solvent mixtures.

1.4.7. Effect of VOC mixtures

Real gaseous effluents and raw biogas generally contain a wide variety of VOCs. Therefore,

we evaluated the effect of VOC mixtures on the partition coefficient of individual VOCs. We
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prepared a mixture of VOC based on toluene (aromatic hydrocarbon), limonene (terpenes),
octamethylcyclotetra-siloxane D4 (siloxanes) and decane (alkanes) called TLSD; to represent
the industrial reality. All these VOCs have also a significant concentration in raw biogas. The
four VOCs are combined in equimolar amounts in a single stock solution. Various amounts of
this stock solution were then added to the vials previously filled with the solvent.

The K values were determined for individual and mixed VOCs in water and eight absorbents
under the same experimental conditions described before [18]. We only modified the GC

parameter to obtain effective chromatographic peak separation (Table 23).

Table 23. Experimental conditions used in gas chromatography for measurements of VOCs
mixture.

GC Parameters

Column Analysis time / Retention

VOGs voc temperature °C min time / min
Toluene 2.3
Limonene 6.1
TLSD, Siloxane D4 120 7 4.2
Decane 4.8

The K values of VOCs individually or in VOC mixtures in water are nearly the same, as shown

in Table 24. These results show that no interactions appear between the VOC in the mixture.

Table 24. K values of VOCs individually or in VOC mixtures in water (30°C).

Partition coefficient (K)

Toluene Limonene Siloxane D4 Decane
Individuals 0.29 2.32 4.00 18.00
Mixture 0.33 2.45 4.06 18.90

The Kvalues for toluene, limonene, siloxane D4 and decane individually and in mixture at 30°C

are shown in Figure 28. We note that the K value of a given VOC is not that affected by the
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presence of other VOCs, like in water. This result may be due to the similar structure of the
VOCs in the TLSD, mixture.

The hydrophobic fatty acid DESs, CO and BA leaded a high absorption capacity for VOCs
separately as showed previously. The majority of the K values were in the same order of
magnitude as those obtained for the individual VOCs. The K values of TLSD; mixture in the

Ci10:C12 DES showed the same range, as can be seen in Figure 28a. The same trend is observed

for CO and BA.

a) 1.8E-03

(K)
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b) 4.0E-02

3.2E-02

2.4E-02

1.6E-02
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8.0E-03
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Figure 28. Partition coefficient (K) of a, b) TLSD2 mixture in C10:C12, CO, BA, RL, PC, PG, PG16
and RPG at 30 °C.
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In Figure 28b, the K values of the TLSD, mixture in RL, PC, PG, PG16 and RPG had similar values
to the individual VOCs. However, in the case of RL and RPG, the K values showed a modest
variation between the siloxane D4 alone and in the mixture with a slightly increased of K
value. These results show that the affinities between the absorbents and the VOC mixture are

maintained by the physical absorption of the VOCs in these absorbents.

1.4.8. Regeneration of the absorbent

The regeneration of absorbents is a critical issue for many industrial operations. After being
used in processes such as absorption, these solvents must be returned to their original or
desired state in order to be reused. As in an absorption column, solvent replacement is very
costly and therefore regeneration process is crucial for sustainability, cost effectiveness and
maintaining process efficiency. Solvent regeneration reduces resource consumption, waste
generation and operating costs. In addition, minimizing the disposal of contaminated or used
solvents supports environmental responsibility. The type of solvent and the application
influence the choice of regeneration process. There are several ways to regenerate
absorbents, including distillation, inert gas bubbling, thermal desorption, adsorption using
common adsorbents, and others. In order to achieve high impurities removal efficiency, all
absorbents regeneration process often require high temperatures. However, not all studied
absorbents (DES or conventional solvents) can be used at such high temperatures. Some of
them have properties that can cause degradation and be lost during the regeneration process,

including limited thermal stability, low degradation temperature, and high vapor pressure.

1.4.8.1. DES regeneration

Conventional thermal desorption (heating + stirring) is one of the most widely used
regeneration method. It was the first method that we evaluated for the regeneration of the
absorbents after analysis. The lower K values obtained at higher temperatures have been
utilized as a desorption condition. After analysis, the vials containing the solvents loaded with
VOCs were uncapped and stirred at 60 °C for 48 h. As the absorbent is heated, the non-
covalent bonds formed between the DES and VOCs lengthen and weaken. The VOCs then
move to the gas phase after evaporating from the solvent. Therefore, vials were afterwards

analyzed by HS-GC to determine if there was any trace of VOCs remaining in the solvents after
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regeneration. Then, the absorption capacities of the solvents were evaluated once more by
putting them in contact with the VOCs using the procedure described before. The absorption
and desorption cycles were repeated five times. As can be seen from Figure 29, in the case of
toluene and Co:C12, the DES retained its absorption capacities during the five cycles. All the
studied solvents could be regenerated, however, in the case of Cs:C12 a weight loss of 12%.
was observed. The hydrophobic DES and solvents used in this work maintains a high VOCs
absorptivity between 99.6 and 99.9% after five consecutive reuse cycles, demonstrating that

a facile and feasible recycling of the proposed absorbent can be achieved [18].

mEcc,

1004 99.82 99.74 99.72 99.69 99.68

80

60

Absorption capacity (%)

204

1 2 3 4 5
Regeneration cycles

Figure 29. Absorption capacities of Co:C1 for toluene during five consecutive cycles.

However, five cycles are not enough from an industrial point of view to make the procedure
cost-effective. In addition, in a typical industrial system consisting of an absorption column
and a desorption column, the regeneration time of the absorbent is too long to allow process
stability. A method used to boost efficiency and cut down absorbent regeneration time is by
increasing the process temperature. However, setting it might cause the evaporation of the
absorbent, thus, changing the efficiency of the absorbents and causing their loss.

Consequently, regenerating temperature needs to be set according to the absorbent being

used.
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Therefore, two other methods were studied to ensure a shorter regeneration time for
absorbents. We evaluated the effect of bubbling nitrogen (heating and non-heating) in order
to compare this regeneration process to the thermal desorption (heating + stirring) as shown
in Figure 30. This method is the opposite of how absorption typically happens. Once nitrogen
is introduced to absorbent that has absorbed VOCs, the pollutants are desorbed and released

from the liquid to the gas phase [1,2,22,23,26,29-34].

i u - Impurities ﬂ Impurities

® Solvent ‘% %\% ;o{v[n; Jﬂ[ 1 ] .

u 60 oC O l] 60 OC O; l SQ|YE;JW

(a) (b) ()

Figure 30. DES regeneration methods a) bubbling nitrogen + heating b) thermal desorption

and c) bubbling nitrogen.

The three methods such as heating + stirring and bubbling nitrogen (heating and non-heating)
with flow rate controlled (100 mL.min) can effectively remove toluene from DES. However,
the regeneration time can change for an absorbent to another. In this study, we first evaluate
the time needed to regenerate the Ci0:Ci2 absorbent and then perform several
absorption/desorption cycles.

In the experiments after twelve cycles of absorption-desorption of the absorbent loaded with
toluene (295 ppm). No significant changes in the absorption capacity were observed, as was
the case for Ci0:C12, which maintained up to 99.5% of its absorption capacity. In the previous

experiments, the regeneration of the Co:C12 charged with toluene concentration (295 ppm)
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was evaluated five times by thermal desorption at 60 °C for 48 hours, for a total of 240 hours.
However, the regeneration time of the Ci0:C12 can be reduced to 2.5 hours using bubbling
nitrogen at 60 °C. The Ci10:C12 was evaluated twelve times totaling 30 hours. In the case of
bubbling nitrogen non-heating and heating at 60 °C, the same time (six hours) was required
for the full regeneration of the DES, for a total of 72 hours. The weight loss of C10:C12 was less
than 1% for the three types of regeneration. However, compared to other method, bubbling
nitrogen with heating showed to be more effective due to its faster regeneration. This method
works better for an industrial system as it takes a brief time for the absorbent regeneration.
As shown in Figure 31, the absorption capacity (%) of toluene concentration (295 ppm) in DES

remained stable during twelve cycles.

[l Heating + stirring [ Bubbling N, + heating [l Bubbling N,

100
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Regeneration cycles

Figure 31. Three different types of regeneration capacity for absorption Ci:C1; for toluene

during a period of twelve consecutive cycles.

1.4.8.2. Regeneration of the industrial solvents and water/solvent mixtures

For this experiment in the section 1.4.5, the conventional thermal desorption (heating +
stirring) was used. After the determination of K, the samples were uncapped and stirred at 45
°C for 12 hours to reverse the absorption process. The samples were then analyzed by static
headspace-gas chromatography to ensure that there was no detectable toluene. After 12 h,
no more toluene could be detected. The weight loss of BA was only 2% whereas for water/BA

mixtures we observed a weight loss of 30 %. The loss is therefore due to water, which could
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be added after regeneration at no additional cost. For pure AA the weight loss was 13%, while
for the water/AA mixtures, it was also 30%. For PG16, a weight loss of 10% was observed. We
also further evaluated the regeneration and weight loss of water/BA and water/AA mixtures
with 60 wt% of water and PG16 using the dynamic absorption set-up. After 3 hours, water/BA,
water/AA mixtures and PG16 were completely regenerated. The observed weight loss was

14, 15 and 5% for water/BA, water/AA and PG16, respectively.

Il. Determination of CO, sorption capacity
II.1. Overview of the method

This work was performed in collaboration with the School of Chemistry and Chemical
Engineering at Queen’s University, Belfast. Dr Leila Moura developed a new screening method
combining quantitative GC analysis of equilibrated headspace with the pressure drop
technique on materials placed in pressurized headspace GC vials at various mbar pressures.
Gas analysis was carried out using a Perkin Elmer Clarus 500 gas chromatograph (GC) attached
to a Turbomatrix 40 headspace (HS) autosampler using helium as a carrier and a flame
ionization detector (FID) equipped with a methaniser using a nickel catalyst.

Compared to conventional solubility or gas uptake measurements, simple sample preparation
and feeding, real-time equilibration of a large number of samples, and uncomplicated
guantitative headspace gas analysis allow for rapid efficiency achievements. Using single or
mixed permanent gases such as CO;, CH4, H2 and NHjs, this technique enables the screening
of solids, volatile and non-volatile liquids, physisorbents and chemisorbents for CO;
absorption.

Three steps are used for preparing sample or calibration vials i) Pressurization: a needle is
inserted into the gray septum of the vial to be connected to a gas/vacuum line, then all gases
are removed from the vial by the vacuum, then the vial is pressurized with the desired gas
and pressures, which are precisely measured, ii) Equilibration time: once pressurized, the vial
is removed from the gas-line and allowed to equilibrate at the desired temperature and jii)
HS-GC measurements: after reaching the equilibrium time, the vial is ready for measurement
and can be carried out by the HS-GC. Using equation 10, the amount of gas sorbed is based
on the correlation of the pressure-volume-temperature (pVT) measurement with the GC peak

area measurement.

124



Chapter 3 — Static and dynamic processes

tot —  PiniVini)
Tlg =
@iniTini)RT ini

(eq.10)

where the quantity of gas introduced into the vial, nit, is determined by measuring the
estimated room pressure and temperature (initial pressure and temperature, pini and tin;,
respectively) in the predetermined volume of the vial, Vyia. This volume is obtained by
measuring the weight of distilled water filling a model vial, minus the volume of the sorbent

(if it is liquid), the volume of the glass-encapsulated stirring bar or glass beads contained.

I.2. Results of gas sorption

The gas absorption of sorbents has been studied using the screening method developed by
combining gas pressurization on absorbents in vials with HS-GC analysis for two hours
equilibrium. Direct sampling and gas analysis were used to determine the partial pressures
and compositions of the remaining unabsorbed gas at pressures varying from 300 to 4110
mbar and at 35 °C. The absorption of CO2 (s9%), CHa (99%) and a mixture of CO2 (s0%)/CHa (s0%)
absorption was evaluated using four DES, Cg:Ci12, Co:C12, C10:C12, and RLwith 5 ml of absorbents
for five days equilibrium.

Figure 32a depicts the CO2 (99%) absorption capacity of the four different DES at 35 °C. The
three hydrophobic DES Cg:Ci2, Co:Ci2, and Ci0:Ci2 demonstrated nearly identical CO;
absorption, reaching 7.53 mg CO,/g Cq:C1, at 3189 mbar, while RL showed a slightly lower CO;
absorption at nearly the same pressure, reaching 5.42 mg CO,/g RL at 3250 mbar.

Except for RL, the same procedure was performed for CHa (99%). The absorption capacity of
CHa in Cg:Ci2, Co:C12 and Ci0:C12 showed the same absorption tendency due to the same
properties, as shown in Figure 32b. The highest absorption of CHs was 3.08 mg CHa/g Cs:C12
at 3927 mbar. In the case of the CO2/CH4 mixture in Cs:Ci2, the absorption of CHs was lower
than that of CO.. This was expected due to the fact that the individual CO; absorption was
higher than the individual CHs4 absorption. In the Figure 32c, the highest CO,/CHas mixture
absorbed was 9.40 and 3.79 mg (CO2/CHa) /g Cs:C12 at 4110 mbar. Their absorbency varies

according to the initial pressure.
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Figure 32. Absorption capacity of a) CO2 (99%) in Cs:Ci2, Co:Ci12, C10:C12 and RL, b) CHa (99%) in
Cg:Clz, C92C12, Clolclz, and C) CO; (50%) and CHa (50%) in Cs:Cy2 at 35 °C.
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The absorption capacity of CO; in the studied DES are lower in comparison to the ionic liquid
[CeC1lm][NTf,] which was 3.52 mg CO; / g IL, although it has similar values to ethylene glycol
and octanol which 1.17 and 2.64 mg CO, / g solvent, respectively at 35 °C and 1000 mbar.
Regarding the results obtained, it is important to compare the CO2 and CHs absorption. CHa is
less absorbed than CO;in the studied DES Cs:C1,. Considering that biogas is mainly composed
of CHa, the higher CO; absorption in terms of biogas upgrading can be relevant to increase

the efficiency of the process.

lll. Dynamic absorption from laboratory to industrial scale

lll.1. Methodology and experimental set-up

In order to mimic industrial absorption processes, which are generally based on a scrubber, a
dynamic bubbling set-up has been developed at laboratory scale developed in collaboration
with the common center of analysis (CCM) (Figure 33) [8]. In case of VOC absorption, a model
polluted gas was produced by injecting liquid VOC into nitrogen as carrier using a syringe-
mounted dispenser at desire flow rate respectively. However, for CO, absorption, a bottle of
CO, was used and mixed with nitrogen as carrier in order to have the desired CO;
concentration. In addition, a cylinder with a storage system was used for raw biogas sampling.
In order to control the flow rate of the biogas, a mass flow mixer / humidity generator (Fensor)
was used. The biogas was sampled from a landfill site in north of France by the common
center of analysis (CCM) and the catalytic team of UCEIV.

The flow rates of the stream were monitored by mass flow controllers. The desire gas
concentration of the inlet and outlet gas was monitored with a Micro GC Fusion (Chemlys) or
total hydrocarbon analyzer (Envea) (depending on the compound used). In each experiment,
a desire precise mass of the absorbent was used, and the temperature was controlled using
a thermostat cable-controlled thermostat heater coupled to a temperature sensor. The gas
flows through the by-pass and is analyzed by the GC or total hydrocarbon analyzer. When the
concentration stabilizes, both valves are switched, and the gas flows through the absorbent.
The outlet gas concentration is monitored until the absorbent is fully saturated (outlet gas
value equal to the initial inlet value). For the desorption process the feed (inlet) is removed,
and nitrogen gas is used to strip the saturated solvent, thereby regenerating it. The amount

of compound absorbed by the solvent can be determined by integrating the curves obtained.
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Figure 33. Dynamic absorption set-up used. For VOC absorption with syringe dispenser and
N>. In case of CO; absorption, the syringe is replaced by a CO; cylinder. For biogas absorption

the Nz and syringe are replaced by a cylinder of biogas.

l1l.2. VOC absorption results

The partition coefficient of the VOC in the absorbent is related to the absorption capacity of
the VOC in the absorbent by dynamic process. In order to evaluate the performance of DES
under conditions that simulate an absorption column, we selected a solvent that showed high
absorption capacity and utility for various VOCs using the lab-scale bubbling set-up [19]. In
the first experiments three VOCs (toluene, limonene, and siloxane D4) were selected due to
the fact that these VOCs are found in biogas. Five absorbents were selected: Ci0:Cia,
Rameb:Lev, water, PG16 and CO studied at various temperature and flow rate. The mixture
of toluene, limonene, and siloxane D4 (TLS) was also evaluated. In each experiment, a specific
mass of the absorbent (about 20 g) was used, and the temperature was set between 25 and
30 °C depending on the experiment. The absorption capacity of toluene in water, PG16, AA,

BA, and water/solvents was also evaluated.

111.2.1. Individuals VOCs absorption

The absorption capacity of toluene, limonene and siloxane in six absorbents were evaluated

at 30 °C, with a VOC flow rate of 20 pL.h'! and a N; flow rate of 10 L.h! are shown in Figure
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34. Under these conditions, the concentrations of toluene, limonene, and siloxane D4 were
100, 120, and 50 ppm, respectively.

Comparing the absorption capacities, we observed that water has the smallest one, as
expected from previous partition coefficient studies. The C10:C12 fatty acid showed better
affinity for toluene and an absorption capacity of 0.884 mg toluene / g C10:C12. The K values
obtained in the static method are in good agreement with the absorption capacities found in
the dynamic method. In dynamic adsorption, the viscosity can affect the results. Indeed, the
viscosity of CO is 51.56 mPa.s, while the viscosity of C10:C12 is 9.096 mPa.s. Therefore, if K
values are similar for both absorbents, the absorption capacity of CO of 0.57 mg toluene / g
CO is smaller than the one obtained for Ci0:C12. Rameb:Lev has a slightly lower absorption
efficiency than BA + 60 wt% water, with a capacity of 0.255 mg toluene per g RL compared to
0.335 mg toluene/g solvent for BA + 60 wt% water. Despite the high viscosity of RL (208
mPa.s), the absorption capacity was better than PG16 and AA + 60 wt% water, 0.155 and
0.038 mg toluene/g solvent, respectively. This confirms that the static method is in agreement
with the dynamic method.

Regarding limonene, C10:C12 again showed the best absorption capacity compared to all
solvents (0.326 mg limonene/g DES at 30 °C). In the static method, the highest absorption
capacity is obtained for the CO, which has the lowest K. The absorption capacity for limonene
in CO is 0.228 mg VOC / g solvent, at 30 °C. PG16 and RL have a better absorption capacity
than water that showed to be the least effective with a capacity around of 0.03 mg VOC /g
water at 30 °C. The conventional solvents and Rameb:Lev absorption capacities for limonene

are 0.106 and 0.151 mg per g of PG16 and RL, respectively, at 30 °C.
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Figure 34. Absorption capacity (mg/g) of individuals VOCs, a) toluene, b) and c) siloxane D4 in

water, PG16, RL, CO and C10:C12 at 30 °C.
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As expected, there is good agreement between all of the measurements of the siloxane D4
absorption capacity in water, PG16, RL, CO, and Ci0:C12 and the K values from the static
method. As a result, hydrophobic DES C10:C12 once more showed a higher absorption of 0.221
mg siloxane / g absorbent. However, siloxane absorption in CO did not exhibit the same trends
as that shown in the absorption of toluene and limonene. Consequently, siloxane absorption
in CO was 0.134 mg siloxane / g solvent. The highest absorption capacity between water,
PG16, and RL was obtained for RL, with an absorption capacity of 0.089 mg siloxane / g
absorbent, whereas water and PG16 had absorption capacities of (0.014 and 0.044 mg
siloxane / g absorbent). All these results are consistent with the K values obtained in static
method compared to the dynamic method, except for CO. Therefore, the K values are
obtained at thermodynamic equilibrium where viscosity does not influence the absorption

capacity.

111.2.2. Effect of toluene initial concentration

The effect of the initial toluene concentration was investigated using five different flow rates
of 10, 20, 40, 80 and 100 pL.hr? with nitrogen flow rate at 15 L.hr? at 30 °C. As shown in
Figure 35, the amount of captured toluene increased linearly with increasing the flow rate of
toluene in Ci10:C12. The increase of flow rates leads to an increase in the initial toluene
concentration. This shows that the increase in toluene concentration has a positive
relationship with the toluene absorption in Ci0:C12. A similar tendency is found in the
literature [2]. The results obtained from the different flow rates of toluene in Ci0:C12 were
0.422,0.883,1.768, 3.94 and 5.91 mg toluene per g of DES. The maximum absorption capacity
of toluene in DES was 5.91 mg toluene/g DES for an inlet toluene concentration at 525 ppm.

However, we still didn’t reach the saturation of the absorbent.
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Figure 35. Absorption capacity for different initial concentrations of toluene in C10:C12 with

different flow rates at 30 °C.

The values obtained in the literature for toluene in ChCl:Lev and TBABr:Dec were 0.55 mg per
g DES and 2.37 mg per g DES with quite similar flow rate 73 pL.hr! [10]. However, it showed
lower absorption capacity for toluene compared to the C10:C12 DES which was 3.94 mg per g

DES at 80 pL.hr.

Altogether, our results indicate that the solubility of toluene in hydrophobic DES is sensitive
to concentration conditions, also indicating that the toluene absorption process is reversible
and can be subjected to regeneration by increasing the temperature and/or decreasing the
concentration. Therefore, this demonstrates that hydrophobic DES are very efficient at
absorbing low concentrations of toluene, which is a practical and industrial application that is
well fulfilled. In addition, by increasing the initial concentration, the absorption capacity of
toluene in DES could increase to more than 5.91 mg of toluene per g of DES, without reaching

the saturation limit of toluene in DES.
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111.2.3. Toluene absorption in available industrial solvents and water/solvent mixtures

In these experiments the aim was to find the best solvent in terms of absorption capacity, but
also in terms of cost. We decided with our industrial partner to evaluate only the
water/solvent mixtures. The performance is related to the K value of toluene in the solvent.
In order to be close to industrial conditions, we used a dynamic bubbling set-up. The
water/solvents used is shown in Table 21. The absorption capacities of toluene for the three

solvents at 25 °C for a VOC flow rate of 20 pL.hr! are shown in Figure 36.
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Figure 36. Absorption capacity of toluene in the water/solvent mixtures at 25 °C.

Water was the least effective solvent with a capacity of 0.007 mg toluene per g of water at 25
°C. In the case of BA and AA with 90 wt% of water, the absorption capacity reached 0.042 and
0.025 mg toluene per g of solvent, corresponding to a 6 and 3.6-fold increase compared to
water, respectively. However, increasing the amount of solvent in the water improves the
absorption capacity to a greater or lesser extent, depending on the solvent. Thus, for 80 and
60 wt% of water, we observed an increase from 0.115 to 0.255 mg of toluene per g of solvent
for BA and from 0.030 to 0.038 mg per g of solvent for AA. Regarding PG16, the absorption
capacity was 0.155 mg toluene per g of solvent. The mixture of BA with 80 wt% water has a

similar absorption value, while PG16 contains only 16% water. Figure 37 shows absorption
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curves obtained in the case of water/BA mixtures with an inlet toluene concentration of 1300

ppm. In these curves, we can follow the outlet gas concentration as a function of time. The

curves are similar in shape, but the saturation of the solvent is reached later with a lower

amount of water.
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Figure 37. Toluene concentration in the outlet gas at 25 °C.

111.2.4. Effect of VOC mixtures

From an industrial point of view, it is interesting to study the absorption capacity of VOC

mixtures in absorbents on a laboratory scale. Therefore, with the same conditions as for

individual VOCs, the absorption of TLS mixture in five absorbents was evaluated in order to

compare to individuals VOCs (Figure 38). The absorption capacities of the absorbents show

similar behavior with respect to the effect of the VOC mixture on the partition coefficient.
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Figure 38. Absorption capacity of TLS mixture in water, PG16, RL, CO and Cj0:C12 at 30 °C.

As expected, C10:C12 was again the best absorber for TLS mixture absorption. A slight decrease
from 0.88 to 0.77 mg toluene/ g C10:C12 was observed. For limonene and siloxane D4 in the
mixture, they maintained approximately the same absorption capacity of the individual VOCs.
For limonene individual and mixture for were 0.33 and 0.34 mg VOC / g C10:C12 and siloxane
were 0.22 and 0.23 mg VOC / g C10:C12. Thus, maintaining the same behavior of VOC mixture
on the partition coefficient.

In the case of CO, most of the characteristics are identical to those obtained for the VOC
mixtures on the partition coefficient. In the case of toluene, the absorption capacity of VOC
mixture in CO was 0.39 mg / g CO, while for individual toluene was 0.57 mg toluene / g CO.
For limonene and siloxane D4 in the mixtures were 0.195 and 0.121 mg VOC / g CO,
respectively. While for individual limonene and siloxane D4 were 0.228 and 0.134 mg VOC /
g CO. The same tendency is observed for RL, PG16 and water with a slightly decrease in
absorption of VOC in the mixture compared to the pure, as shown in the Figure 38. In the case

of water, it is the least effective absorbent, reducing its absorption capacity by almost half.
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Their absorption capacity of TLS mixture was 0.0036, 0.0018 and 0.0090 mg VOC / g water,
respectively. Although industrial streams contain mixtures of VOCs of the same or different
types, DES retains its high VOC retention capacity. Consequently, the partition coefficient of
the VOC mixture in the absorbents showed comparable trend results, highlighting that using
a static method can provide a good understanding of the absorption of individual VOCs and

the VOC mixture in the absorbents.

l11.3. Carbon dioxide and raw biogas absorption

The crucial process of absorbing carbon dioxide (CO;) from biogas has numerous impacts on
both environmental sustainability and industrial applications. Raw biogas is composed
primarily of methane (CHi). However, the presence of CO; in biogas reduces its energy
content and makes it difficult to use. In that context, CO; absorption from biogas is critical
step to improving biogas quality, energy content, and environmental advantages. This
method of removing CO; from biogas involves chemical or physical absorption processes,
resulting in biomethane a high-quality, purified biogas [35]. In the first experiments we
evaluated the absorption capacity of CO; (so%) mixed with N2 (s0%) in absorbents such as water,
PG, Cs:C12, C10:C12, Rameb:Lev, tetraethylenepentamine (TEPA):Cs:Ci2:wateraox (8:3:1) and
TEPA+watero%. Then we evaluated the absorption capacity of raw biogas in Cs:Ci12, RL and
water. In a typical test, 200 ml min'! of simulated flue gas (50% CO2, 50% N3) was introduced

into 180 g of the solution and allowed to react to saturation at 30 °C and 1 bar.

111.3.1. Experimental methods and devices

For rapid screening, an experimental setup was developed at atmospheric pressure. It was
designed to determine the CO, absorption capacity of the absorbents and to observe the
phenomena in the absorption process. The simulated flue gas (concentration) of the inlet and
outlet gas was measured by gas chromatograph. For the first experiments, before the
absorption, CO; and N> were mixed in a constant flow rate (flow meter) and then introduced
into the gas chromatography to detect the initial and stabilized concentration. Then, for the
following studies, the same procedure was used for biogas absorption.

The concentration is obtained by calibrating and measuring the standard curve of the gas

chromatograph using the external standard method. In the experiments, Micro GC (Fusion)
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gas chromatograph (carrier gas helium), was used with two independently programmed
module, A for CO2/CH4 and B for VOCs. The GC is consisting of an injector, a temperature
programmable column and a detector. For the module A, the temperature of the sample inlet
was 70 °C, the temperature of the column chamber was 47 °C kept for 70 seconds, and the
sample pump of 15 seconds. For the module B, the temperature of the sample inlet was 70
°C, the temperature of the column chamber was 140 °C for 15 seconds with a ramp time of
60 seconds, then increases to 200 °C for 45 seconds, and the sample pump of 15 seconds.

In order to measure CO,/CH4 quantitatively, the standard gas calibration method is adopted.
Therefore, define absorption rate yCO,/CH4 as the mole number of CO,/CH4 absorbed by

absorbers per unit mass at a certain time, mol kg *s™! can be determined by equation (11).

(Cco,cH, i,,— Cco,cH )
2 4in 2 4 out

Yco, = (eq.11)

22.4%my(1=CcoycHy 1) (1=Cco,CHy our)

In a typical test, 200 (mL/min) of simulated flue gas (50% CO>, 50% N>) for the first experiment
and (27% CO,, 27% CHa + VOCs mixture) for the second experiment were added into 200 g of
absorbent at 30 °C and 1 bar. Total CO; loading (o, mol CO2 mol? absorbent) was measured
as follow the equation (12):

tCCOCHy 11, ~CCO,CHy oyt
Vco,cHyin* |,

CCoyCHy ip
22.4%103xn 4

Ay = (eq.12)

Where: at represents the total absorption loading of CO,/CHs per unit molar mass of
absorbent, mol mol™; nA represents the amount of absorbent mol; mA represents the mass
of absorbent, kg. The CO,/CH4 absorption capacity R (unit: mol kg!) is as follows in equation

(13):

(eq.13)
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111.3.2. CO; absorption results

The absorption capacity of the absorbents used to capture CO; is related to the screening
method of CO; sorption in absorbents, except for TEPA. Therefore, in order to evaluate the
capacity of the absorbents in conditions that mimic an absorption column, we selected
solvents that have high and moderate absorption capacity and versatility. Figure 39 shows
the absorption of CO; (so%) (200 ml min) in water, PG, Cs:C12, C10:C12 and Rameb:Lev,
tetraethylenepentamine (TEPA):Cs:Cia:wateraos (8:3:1) at 30 °C. After 100 min, the
TEPA:CsCio:wateraoy is basically saturated by CO;, which shows that the contribution of TEPA
in Cs:C12 provides a longer absorption compared to other absorbents but still not as good as

for TEPA+watezo%. A similar saturation time (10 min) were observed for the other absorbents.
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Figure 39. Absorption rate of an initial CO; (50%) in TEPA:Cs:Ci2:wateraou, C10:C12, Cs:C12, PG,
RL and water at 30 °C.

The absorption capacity of COzin the absorbents are listed in Table 25. As expected, TEPA +
waterzo% has the highest absorption capacity with 2.87 mol CO; / kg TEPA+waterzo%. These

measurements are in good agreement with the literature, which reported TEPA-ethanol-
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water (2.48 mol CO, / kg absorbent) [36]. Among them, DES-based TEPA showed a significant
absorption with 0.9 mol CO; / kg TEPA:Cs:C12:water20y, which is mainly due to the influence
of the amine. Based on DES, Cs:Ci12 had a slightly higher absorption, with 0.05 mol CO; / kg
Cs:C10. The absorption capacities of Cg:Ci0, C10:C12 and RL, on the other hand, are in good
agreement with previously reported CO; sorption values by screening method. All tested

absorbent shows similar absorption values, close to water.

Table 25. Absorption capacity of CO2 (so%) in different absorbents at 30 °C.

TEPA+
Absorbents TEPA:Cs:Caz: Cs:C12  Ci0:C12 RL PG water TEPA+ ethanol+
wateroy watezoy
water
Absorption
capacity mol 0.92 0.050° 0.045° 0.030° 0.043® 0.038° 2.870° 2.48°
COzkg"1

aThis work. ? Ref. [36] at 40 °C.

Regarding the composition of biogas, in addition to CO,, biogas also contains various
contaminants such as VOCs and H,S. These contaminants can have a strong affinity for some
absorbents and can contribute to a better absorption capacity of the absorbents, thus

upgrading the biogas to biomethane.

111.3.3. Biogas absorption

In order to evaluate the absorption of the biogas in the absorbents, it was necessary to know
the concentration of the biogas. The characteristics of the biogas can vary depending on the
feedstock. Therefore, raw biogas was stored in a pressurized cylinder. The concentrations of
the biogas were CO; (26%) and CHa (28%), H2S (4%), VOCs varied between 50 and 100 ppm.
Table 26 shows the absorption capacity of raw biogas CO, (26%) and CH4 (28%) at 38 ml min
1in Cs:C12and RL at 30 °C.

Table 26. Absorption capacity of CO2 (26%) CHa (28%) in different absorbents at 30 °C.

CO; CO; CHa CHa
Absorbents Co:Cis RL Co:Cir RL
Absorption
capacity mol 0.047 0.044 0.030 0.031
kg
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The results show that as the flow rate and CO2/CH4 concentration decreased, the absorption
capacity is not quickly saturated, which extends the absorption equilibrium time, and remains
stable. As a result, the absorption capacity of the absorbent for CO,/CHs showed a mass
transfer comparable to the previous results. A time-dependent CO,/CHa4 absorption capacity
can be observed depending on several factors such as pressure, temperature, concentration,
flow rate, etc. This behavior can be seen in the Figure 40, where RL has a slightly longest
absorption time compared to C10:C12, therefore maintained similar absorption capacities as

can be seen in Table 25 and 26.
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Figure 40. Absorption rate of biogas with initial concentration of CO; (26%) and CH4 (28%) in
C10:C12 and RL at 30 °C.

During the absorption process, the time in which an absorbent absorbs CO; and CHa, plays a
fundamental role in the enhancement process. Typically, CO, and CHs have different
absorption kinetics when interacting with a liquid absorbent. The cause of this variation is
based on factors such as solubility, molecular dimensions, and chemical composition of the
absorbent. Longer CO; absorption rates contribute significantly to the overall efficiency of the

biogas upgrading to biomethane.
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l11.4. Dynamic method regeneration

Absorbent regeneration is a critical step in several industrial processes, including gas
absorption, where absorbent materials can capture specific contaminants such as CO or
impurities. Therefore, the absorption performances of the regenerated absorbents were
determined. The regeneration experiments were conducted using the dynamic absorption
set-up by following the desorption of absorbents at 60 °C. During the desorption process, N2
is put into contact with the absorbents loaded with VOCs/CO,/CH4 or biogas, at a flow rate of
100 ml min'L. In all the desorption studies, the temperature was increased to accelerate the
regeneration, confirming the benefit of preheating the desorption column to reduce the

duration and cost of the entire process.

lI1.5. Industrial scale dynamic absorption

The transition from laboratory-scale studies to industrial-scale operations is an important and
often difficult step in many fields, including chemistry and engineering. The majority of
laboratory experiments are carried out in a controlled environment on small scales. Scaling
up to an industrial scale confirms if the concepts and procedures developed in the lab are
practical and effective in real-world applications. Companies must determine the economic
viability of a method before investing in large-scale production. Scaling up enables cost
analysis, including material and energy expenses, which can help in evaluating the prospective
return on investment. Industrial operations can have a significant impact on the environment.
Assessing and minimizing these impacts is critical to ensuring regulatory compliance and
minimizing environmental impact.

Based on these conditions, the purpose of this study was to evaluate and compare the
efficiency of industrially available solvents such PG16, AA, BA and their water mixtures in
removing toluene from exhaust gas from laboratory to industrial scale. In collaboration with
our partner, Terraotherm. The experiments were carried out at Coudekerque-Branche,
France. The Terrao absorber (Terrao®) is a direct heat and mass exchanger with the advantage
of small geometric dimensions (1m? on the ground for 5 000 Nm3/h and 2 m high whatever
the flow rate) [37]. The gas flow passes through the liquid of the exchanger in order to
exchange the solvent-soluble compounds. This exchange then induces a movement of

turbulence in the liquid phase to increase the probability of encounter between the solvent
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and the gas, and thus improve the exchange of materials. The Terrao® exchanger is equipped
with a hydraulic pumping system to replace the saturated solvent with the backup solvent in
case of solvent saturation and increasing also the turbulence of the liquid. In our experiments,
a toluene concentration of 2 000 mg/m? was used. The feed gas flow rate was 2 000 m3/h and
the Terrao® was fed with 300 liters of solvent. The toluene concentration in the inlet and
outlet gas was monitored with a total hydrocarbon analyzer (Envea). The experimental set-

up is shown in Figure 41.
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Figure 41. Industrial-scale experiments with Terao® exchanger.

The absorption capacities obtained at 20 °C are shown in Figure 42. The results are in good
agreement with laboratory scale measurements [19]. Whatever the wt% of water, the
water/BA mixtures exhibit higher absorption capacities than AA and PG16. The 20 wt% water
shows the highest absorption capacity for toluene (22.70 g of toluene per L of solvent), while

water scrubbing is the least effective solvent with 0.56 g of toluene per L of solvent.
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As previously observed, the absorption capacity of the solvent decreases as the wt% of water
increases. Regarding PG16, the absorption capacity is still lower than BA at the same wt% of

water with an average absorption of 6.51 g of toluene per L of solvent.
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Figure 42. Absorption capacity of toluene in the solvents and water/solvent mixtures at 20 °C.

Figure 43 shows the concentration of toluene in the exhaust (outlet) gas for water/BA
mixtures. The absorption curves are similar in shape and, similarly to the lab scale experiment,
the best performance is obtained with the smaller amount of water. Although the industrial

setup is closed-loop, no regeneration experiments were carried out.
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Figure 43. Concentration of toluene in the outlet gas in water/BA mixtures at 20 °C.

IV. Absorption mechanism revealed by Conductor-like Screening Model for
Real Solvents (COSMO-RS)

This work was performed in collaboration with Pr Zhigang Lei and Chengmin Gui at Beijing
University of Chemical Technology. The aim of the study was to uncover the absorption
mechanism and analyze the uptake thermodynamic. The o profiles of the studied molecules
and the Gibbs free energy of solvation for toluene in different absorbents such water, AA, BA,
PG16 and their mixtures in water were calculated by COSMO-RS model.

The COSMO-RS is a popular molecular thermodynamic method used to calculate important
physicochemical properties, phase behavior and molecular characteristics, especially in the
field of absorption and extraction with DES and ILs [38-41]. In this study, COSMOthermX
(version 2021) was used to predict the Gibbs free energy of solvation for toluene in different
absorbents. The o-profiles, regarded as the fingerprint of molecules in the COSMO-RS model,

were obtained from the built-in “COSMOTZVP” database [42]. [18]
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IV.1. Analysis of o-profiles

The COSMO-RS o-profiles for toluene and different absorbents are depicted in Figure 44. The
molecule segments with positive polarization charge densities are located in the hydrogen
bond donor (HBD) region, while the negative surface pieces are in the hydrogen bond
acceptor (HBA) region. Besides, the interval of -0.0082 e/A? < ¢ < 0.0082 e/A? are nonpolar
region. It is noticeable that the o-profile of toluene are almost entirely in nonpolar region,
indicating its weak ability to form HB with other molecules, such as water. The solubility of
toluene in water is the lowest among several solvents studied, as water has strong peaks in
both the HBD and HBA regions, leaving only a small part in non-polar region. BA has a similar
shape of o-profile with toluene in nonpolar region due to the benzene ring in their structures,
which facilitates the formation of van der Waals (vdW) interaction between them. Besides,
there are small peaks in HBD region and HBA region resulting from its hydrogen atom and
oxygen on the hydroxyl group. Compared with BA, AA and PG express higher peaks in the HBA
region, demonstrating that AA and PG are more likely to form HB as hydrogen bond acceptors
with other molecules. However, as mentioned before, being a strong HBA cannot effectively
enhance the interaction with toluene. Therefore, BA may be the optimal absorbent from the

point of view of molecular interaction.
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Figure 44. o-Profiles of toluene, water, BA, AA and PG.
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IV.2. Gibbs free energy of solvation

To investigate the influence of absorbent type and temperature on the absorption
thermodynamic, the Gibbs free energy of solvation (AGso) of toluene in different absorbents
at various temperatures was calculated by COSMO-RS model. Defined as the free energy in
the process of solute from gas phase diverted into liquid absorbent, AGsq reflects the affinity
capacity between solute and solvent [43]. As shown in Figure 45a, the magnitude of AGs. for
different kinds of absorbents at the same wt% of water follows the sequence BA > AA > PG.
For all three absorbents, the -AGso decreases with increasing amount of water, which is in
good agreement with the partition coefficients results in section 1.4.5. It is observed from
Figure 45b that the higher the temperature, the lower the value of -AGso in pure absorbents,
illustrating that low temperature is favorable for the toluene absorption process. Obviously,
the AGsol magnitude for water is much lower than the other three organic absorbents.
Overall, the analysis of absorption thermodynamics confirms the o-profiles result and is
consistent with the partition coefficients result, that is, BA is a more promising toluene

absorbent than AA and PG.
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Figure 45. The free energy of solvation (AGsol) of toluene in different solvents at 30 °C (a); the

influence of temperature on the AGsol of toluene in different pure solvents (b).

In addition, analysis of the o-profile indicates that the formation of vdW interactions between
the absorbent and toluene, rather than the formation of HB, was the key to improving the
absorption performance. Additionally, BA has the most negative Gibbs free energy of

solvation value for toluene compared to other absorbents under study.
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Conclusion and perspectives

Conclusion and perspectives

The aim of this study was to evaluate DESs and conventional solvents as new absorbents for
biogas impurities such as VOCs and CO; by physical absorption. This study was carried out in
collaboration with an industrial partner (Terrao®) that developed new mass and heat
exchangers. In this aim, we studied different types of DES and conventional solvents and
characterized them, such as water content, viscosity, density and IR. Moreover, to get as close
as possible to real conditions, we evaluated the absorption capacity of individual VOCs their
mixture and CO,/CH, in different absorbents. The VOCs selected for our study were based on

the impurities in biogas and their structural diversity used in industry.

The partition coefficient values obtained at 30 °C were used to plot the efficiency of the
absorbents with respect to all VOCs in the form of a color-coded pie as can be seen in Figure

46.

Cs:Crz
CiCya

co
Ci0:Ciz
BA
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Figure 46. Absorption efficiency of VOCs in DESs and conventional solvents.

The least effective absorbent is shown in red and the most effective in green. We can see that
the hydrophobic fatty acid-based DES and two solvents cooking oil and benzyl alcohol have
the greatest versatility for the studied VOCs, with a high absorption capacity for most of the

VOCs. However, the higher viscosity of CO and higher volatility of BA in comparison to the
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hydrophobic DESs could be less effective in terms of high energy and regeneration,
respectively.

In addition, there is a linear trend in absorption capacity as the initial VOC concentration
increases. The absorption capacity of VOCs by absorbents was monitored at different
temperatures. The volatility of VOCs increases with temperature and, consequently, the
capacity of the absorbent to trap VOCs decreases. These behaviors indicate that the
absorption of VOCs by DESs and solvents is a physical absorption, and an easily reversible
process, leading to less costly regeneration of the sorbent.

We observed that the absorption capacities of DESs did not vary between pure VOCs and
VOCs in a mixture. Then, the absorption the CO;, CHs and their mixture in absorbents has
been studied using the screening method developed by combining gas pressurization on
absorbents in vials with HS-GC analysis. This study was carried out in collaboration with Dr
Leila Moura from the School of Chemistry and Chemical Engineering at Queen’s University,
Belfast. The absorption capacity of the hydrophobic DESs was moderate and not promising
for this application.

To get closer to the real conditions of an absorption column, we then evaluated the efficiency
of DES and conventional solvents to absorb VOCs/CO; and raw biogas in a dynamic process.
In addition, the transition from laboratory to industrial scale shows consistent results.

The static method measurements using static (SH-GC) for the determination of K values and
the screening method for CO; can evaluate with accuracy which solvent is suitable for VOCs
or CO; absorption. The results are fast and cost-effective using only a few quantities of solvent
for the experiments.

Lastly, the absorption mechanism and analysis of the uptake thermodynamic were uncovered
by COSMO-RS model in collaboration with Pr Zhigang Lei and Chengmin Gui at Beijing
University of Chemical Technology. The good agreement between the experimental and
theoretical results shows that COSMO-RS could also be used to predict affinity between VOC
and absorbent. However, it is better to use this method in close combination with

experimental results.

The aim as researchers is to close the gap between what is known now and what is possible
in the future. This section focuses on how future work can fill existing gaps in the previous

studies, improve current knowledge, and clarify some of the key findings of this research.
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Conclusion and perspectives

Evaluate different types of DESs or new solvents that may be suitable and appropriate
for absorption of other impurities from biogas such as CO,, H,S, O, and etc.

Explore the absorption mechanism, speculate on chemical reaction paths, and obtain
chemical reaction equilibrium constants.

Evaluate the oxidation and degradation of the absorbents upon heating

Carry out process simulation and operating parameter optimization for industrial-
scale VOCs and CO; capture by Aspen Plus, and further improve the absorption and
regeneration process, such as using interstage cooling process and rich liquid split
process.

Conduct an economic feasibility and environmental assessment of new VOCs and CO;
absorption processes.

GROMACS software can be used to simulate the CO; absorption process, display the
microscopic separation phenomena and characteristics of the studied system, and
reveal the separation mechanism. Guassian 09, which is based on density functional
theory, will be used to -calculate the free energy barrier of the CO;

absorption/desorption process.
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Abstract

Biogas is a renewable energy source produced naturally by the anaerobic digestion of organic
matter. It consists mainly of methane (CH4) and carbon dioxide (CO>). It also contains traces
of water vapour, volatile organic compounds (VOCs) and hydrogen sulphide. Biogas upgrading
to biomethane requires the removal of contaminants in the raw biogas, reducing the level of
impurities to achieve high CHs content of about 90 to 99%. The uses of biomethane are the
same as natural gas while being a 100% renewable and non-fossil energy source. Many
technologies have been tested and applied to remove impurities from biogas, such as water
scrubbing, physical and chemical scrubbing, membrane separation, pressure swing
adsorption, biological methods, etc. Absorbents play an important role in removing impurities
from biogas. Therefore, the development of novel absorbents with high absorption capacity
and high recyclability is mandatory. The suitable absorbent should also have low viscosity,
relatively low toxicity, low vapor pressure, high boiling point, high absorption capacity, and
low cost. Deep eutectic solvents (DESs) are a mixture of two or three chemical compounds
(usually a hydrogen acceptor compound, HBA and a compound hydrogen donor, HBD), which
combine via hydrogen bonds that have a lower melting point than each of their pure
components. These solvents have physico-chemical properties that can be tuned depending
on the nature of the individual compounds and their ratio. The purpose of the thesis was to
evaluate DESs and conventional green solvents as VOCs/CO; absorbers for biogas upgrading.
We evaluated and compared the efficiency of different DESs and conventional absorbents for
the absorption of nine VOCs and CO,. The vapor-liquid partition coefficient (K) of the VOCs in
the studied solvents and the absorption capacity of CO; in DES were determined using static
headspace-gas chromatography. The effect of VOC mixture, temperature water content was
evaluated. The absorption capacities of individuals VOCs, their mixture and CO2/CH4 in DESs
and conventional solvents were also evaluated using a dynamic set-up which simulated an
industrial absorption column. Both static and dynamic results are in good agreement. Also,
the absorption capacities of industrial absorbents were evaluated on an industrial scale using

an exchanger developed by our industrial partner (Terrao®).
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1. Introduction

Le biogaz est une source d'énergie verte et rentable qui peut étre produite a partir de divers déchets,
notamment par la méthanisation de la biomasse et des déchets organiques, la digestion anaérobie
des boues d'épuration, le compostage commercial, les décharges et la co-digestion anaérobie du
fumier animal. Le biogaz peut contenir diverses impuretés, notamment du CH4 (35 a 75 %) et du CO;
(25 a 60 %), qui peuvent avoir des effets secondaires sur I'environnement, la santé et la technologie.
La valorisation du biogaz en biométhane nécessite I'élimination des contaminants pour atteindre une
teneur en CHsde 90 a 99 %. Les applications du biogaz sont similaires a celles du gaz naturel, mais il
s'agit d'une source d'énergie 100 % renouvelable et non fossile. Des technologies telles que I'épuration
a l'eau, I'épuration physique et chimique, la séparation par membrane, I'adsorption modulée en
pression et les méthodes biologiques ont été testées pour éliminer les impuretés du biogaz [1-3].
L'absorption physique est considérée comme une méthode appropriée qui répond aux normes de
technologie et d’ingénierie vertes. Les absorbants jouent un réle important dans I’élimination des
impuretés du biogaz. Par conséquent, le développement de nouveaux absorbants dotés d’une
capacité d’absorption élevée et d’une recyclabilité élevée est d’actualité. L'absorbant approprié doit
également avoir une faible viscosité, une toxicité relativement faible, une faible pression de vapeur,
un point d'ébullition élevé, une capacité d'absorption élevée et un faible colt. L'eau, qui combine
toutes ces propriétés, est généralement utilisée dans les procédés de purification du biogaz,
principalement pour le captage du CO,. Cependant, la majorité des COV étant hydrophobes, I'eau
n’est pas le solvant le plus adapté pour ces composés. Par conséquent, des solvants verts alternatifs
sont recherchés pour remplacer les solvants organiques actuellement utilisés. Les premiers solvants
alternatifs bien étudiés sont les liquides ioniques (ILs), qui sont des sels a I'état liquide [2—4].
Récemment, une nouvelle génération de solvants verts, a savoir les solvants eutectiques profonds
(DESs), a également été utilisée avec succés comme absorbants pour les COV. Les DESs sont un
mélange de deux ou trois composés chimiques qui présente un point de fusion inférieur a celui de
chacun de leurs composants purs. Les composants typiques du DES sont des accepteurs de liaisons
hydrogene (HBA), tels que les sels d'ammonium quaternaire, combinés a des donneurs de liaisons
hydrogene (HBD), tels que des amides, des amines, des alcools et des acides carboxyliques, dans divers
rapports molaires. Les DESs ont des propriétés physiques et chimiques similaires aux ILs et présentent
certains avantages tels qu'une préparation plus facile, un colt inférieur, une non-toxicité, une non-
réactivité, une recyclabilité, une non-corrosivité, etc. Les propriétés des DESs sont des facteurs
importants dans leurs applications. Les solvants physiques tels que le glycérol, le propylene glycol et
le carbonate de propyléne, qui sont considérés comme des solvants respectueux de I'environnement

et verts, ont également été étudiés pour I'absorption des COV ou des gaz [5-8].
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Dans ce contexte, I'objectif de la these était d'évaluer des DESs et des solvants verts conventionnels
comme absorbeurs de COV/CO; pour la valorisation du biogaz. La caractérisation des DESs étudiés et
des solvants conventionnels a été réalisée. Nous avons mesuré la teneur en eau, les viscosités, les
densités en fonction de la température. La capacité d'absorption des DESs pour différents COV purs
et leurs mélanges, en déterminant leur coefficient de partage entre la phase gazeuse et I'absorbant, a
différentes températures, concentrations et effets de I'eau a été déterminée. La capacité d'absorption
de CO,/CHsdans le DES a également été évaluée. Pour simuler une colonne d'absorption industrielle,
la capacité d'absorption a été étudiée en méthode de barbotage dynamique. Cette configuration nous
a permis de tester différentes conditions : COV individuels et leur mélange, concentration de COV et
absorption de CO, /CH,4. Cela nous a rapproché de la réalité d’un effluent industriel. Enfin, nous avons
déterminé les capacités d'absorption des absorbants a l'aide d'un échangeur développé par notre

partenaire industriel ( Terrao ®).

2. Matériels et méthodes

2.1. Préparation des DESs étudiés

Au cours de cette étude, divers DESs ont été préparés en utilisant de I'acide octanoique (Cs), de I'acide
nonanoique (C ¢ ), de I'acide décanoique (C 10), du chlorure de choline (ChCl) et de la B-CD méthylée
de maniere aléatoire (RAMEB) comme HBA, et I'acide dodécanoique ( C 12 ), I'acide lévulinique (Lev) et
le propyléene glycol (PG) comme HBD. La composition des DESs évalués ainsi que leur teneur en eau
sont données dans le tableau 1. Les DESs ont été préparés en agitant les deux composants (HBA et
HBD) au rapport molaire souhaité a 60 °C jusqu'a formation d'un liquide clair et homogéene. Tous les
composés ont été utilisés sans prétraitement pour préparer le DES, a I'exception du chlorure de
choline (ChCl), qui est séché dans une étuve a 60 °C pendant au moins deux semaines afin de le sécher.

De plus, neuf COVs, CO, et CH 40ont été choisis pour représenter les composants du biogaz brut.

Tableau 1. Composition des DES étudiés et leur teneur en eau (%).

Teneur en
| t R t Abréviati
Solvants appor bréviation eau (%)
HBA HBD
Acide
3:1 Cs:Cr2 0,11
octanoique
Acide dodécanoique
Acide
3:1 Co:Cr2 0,07
nonanoique
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Acide

2:1 C10:C12 0,05
décanoique
Chcl 1:2 CL 0,06
Acide lévulinique
RL 2h00
Rameb 1h30
Propylene glycol RPG 14h30
Carbonate de propyléene - PC 0,07
- PG 0,52
Propylene glycol
- PG16 16h00
Glycérol - G 0,36
Acide lactique - LA 9h00
Acide acétique - AA 0,05
Alcool benzylique - BA 0,06
Huile de cuisson - Cco 0,04

2.2. Caractérisation des solvants étudiés

Les propriétés physicochimiques telles que la densité et la viscosité sont des parametres importants
qui peuvent affecter les processus de transport de masse, influencant ainsi leurs performances. Nous
avons étudié les propriétés physicochimiques des DESs et des solvants traditionnels utilisés pour
évaluer leur capacité a absorber les impuretés du biogaz. Afin de caractériser le DES et les solvants
conventionnels, nous présentons les méthodologies et méthodes utilisées pour mesurer la viscosité,
la densité, la spectroscopie infrarouge et la teneur en eau. La viscosité et la densité des solvants
étudiés ont été mesurées a I'aide du SVM 3001 (Anton Paar) et la teneur en eau a été déterminée par

titrage Karl Fischer (Titrateur Mettler Toledo C20S KF).

2.3. Méthode statique

2.3.1. Détermination du coefficient de partage vapeur-liquide (K)

Le coefficient de partage vapeur-liquide (K) est un paramétre fondamental qui exprime la répartition
massique entre deux phases (gaz et liquide) en équilibre, la phase liquide étant soit de I'eau, soit des
solvants. Cela dépend de la solubilité de I'analyte dans la phase liquide et est défini comme le rapport
des concentrations du composant dans chaque phase. Les valeurs de K ont été mesurées par
chromatographie gazeuse statique dans I'espace de téte (SH-GC), en suivant une combinaison de deux
méthodes : la variation du rapport de phase et I'étalonnage de la phase vapeur. Le K est défini par

I'équation suivante (Eq.1)
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_ G
K= CL(Eq.l)

ou Cs et C, sont les concentrations respectives du soluté en phase gazeuse et liquide a I'équilibre.
Les valeurs K des trois COV dans les trois DES et quatre solvants ont été mesurées par espace de téte
statique couplé a la chromatographie statique en phase gazeuse (SH-GC) en suivant une combinaison

de deux méthodes décrites précédemment (Figure 1).

Headspace
(Co) Amount in gas phase

H Equilibrium time _ A CG
Absorbent
()

Figure 1 : Représentation schématique de la mesure des coefficients de partage vapeur-liquide (K)

Time (min)
par chromatographie statique-espace de téte-gaz (SH-GC).

La méthode de variation du rapport de phase a été utilisée pour déterminer la valeur K dans I'eau
comme décrit par Kolb et Ettre. A cet effet, la méme quantité de COV a été ajoutée dans plusieurs
flacons contenant différentes quantités d’eau. Les valeurs K ont été déterminées par le rapport entre
les zones de pics chromatographiques respectives et le rapport volumétrique vapeur-liquide (Eg2).

1V 1 (Eq.2)

AV, _aVL+ aK

ou A est I'aire du pic, a est une constante intégrant plusieurs parametres, V G est le volume de la phase
gazeuse et V[ est le volume de liquide. La méthode d'étalonnage en phase gazeuse a été utilisée pour

déterminer le coefficient de partage des COV dans l'absorbant (équation 3 ).

Ce =y kv
L G

ol n cov est la quantité totale de COV ajoutée a chaque flacon. Comme Cg est proportionnel a l'aire
sous le pic chromatographique (A), nous pouvons tracer la courbe d'étalonnage entre l'aire et la

concentration du gaz [9].
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Toutes les mesures ont été effectuées avec un échantillonneur automatique d'espace de téte Thermo
Scientific TriPlusTM 500 couplé a une chromatographie en phase gazeuse Trace 1300 équipé d'un
détecteur a ionisation de flamme et d'une colonne DB 624 en utilisant de I'azote comme gaz porteur.
La température de la colonne GC a été fixée a 80 °C pour le toluéne, I'heptane et la méthyléthylcétone,
a 120 °C pour le limonéne, le siloxane D4, le décane , le décene, le pinéne et a 40 °C pour le
dichlorométhane. Les COVs étudiés ont été ajoutés a une concentration connue dans une masse
précise de DES ou de solvant conventionnel (environ 3,5 g) placée dans des flacons de 20 mL. Les
échantillons ont été équilibrés pendant 24 heures sous agitation magnétique pour atteindre I'équilibre
avant l'analyse SH-GC. Les COVs se répartiront entre les deux phases selon la constante d'équilibre
contrdlée thermodynamiquement. L'effet de la température (-20, 0, 30, 45 et 60°C) et de la teneur en
eau (10, 30 et 50 % masse) sur le coefficient de partage a été étudié. Enfin, I'effet du mélange de COV
et de la concentration initiale de COV sur les capacités d'absorption des solvants a été étudié de 59 a

531 ppm.

2.3.2. Détermination de la capacité de sorption du CO »

Ce travail a été réalisé en collaboration avec I'Ecole de chimie et de génie chimique de I'Université
Queen's de Belfast. Le Dr Leila Moura a développé une nouvelle méthode de criblage combinant
I"analyse quantitative par GC d’un espace de téte équilibré avec la technique de chute de pression sur
des matériaux placés dans des flacons GC sous pression a différentes pressions (en mbar). L'analyse
des gaz a été réalisée a I'aide d'une chromatographie en phase gazeuse Perkin Elmer Clarus 500 fixé a
un échantillonneur automatique d'espace de téte Turbomatrix 40 utilisant de I'hélium comme support
et un détecteur a ionisation de flamme. Aprés avoir atteint le temps d'équilibre, le flacon est prét pour
la mesure et peut étre réalisée par HS-GC. En utilisant I'équation 4, la quantité de gaz absorbée est
basée sur la corrélation de la mesure pression-volume-température avec la mesure de la surface du

pic GC.

P V. . ,
ngot — Pini(Vini) (eq4)
®ini Tind)RTini

L'absorption gazeuse des absorbants a été étudiée a I'aide de la méthode de criblage développée en
combinant la pressurisation du gaz sur les absorbants dans des flacons avec I'analyse HS-GC pendant
deux heures a I'équilibre. L'échantillonnage direct et I'analyse des gaz ont été utilisés pour déterminer
les pressions partielles et les compositions du gaz non absorbé restant a des pressions variant de 300

a 4 110 mbar et a 35 °C. L'absorption du CO; (99 %), du CH4 (99 %) et d'un mélange d'absorption de
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CO; (50 %)/CH4 (50 %) a été évaluée a I'aide de quatre DES, Cg:Ci2, Co:C12, Ci0:Ciz et RL avec 5 ml

d'absorbants apres cing jours d'équilibre

2.4. Absorption dynamique

2.4.1. Echelle de laboratoire

Afin d'imiter les processus d'absorption industriels, qui sont généralement basés sur un épurateur, un
systeme de barbotage dynamique a été développé a I'échelle du laboratoire, comme le montre la
figure 2. Pour l'absorption de COVs, un gaz pollué modele a été produit en injectant le COV liquide
dans I'azote comme support a I'aide d'un distributeur monté sur seringue ayant un débit réglable.
Pour I'absorption du CO;, une bouteille de CO, a été utilisée et mélangée a de I'azote comme support
afin d'avoir la concentration de CO; souhaitée . De plus, un cylindre doté d’un systéme de stockage a
été utilisé pour I'échantillonnage du biogaz brut. Afin de contrdler le débit du biogaz, un mélangeur a
débit massique/générateur d’humidité a été utilisé. Le biogaz a été échantillonné dans une décharge
du nord de la France par le Centre Commun de Mesures et I'équipe TCEP de I'UCEIV. La concentration
souhaitée du gaz d'entrée et de sortie a été mesurée avec une Micro GC Fusion ou un analyseur
d'hydrocarbures totaux. Lorsque la concentration se stabilise, les deux vannes sont commutées et le
gaz traverse |'absorbant. La concentration du gaz de sortie est mesurée jusqu'a ce que I'absorbant soit

complétement saturé.

i — L\/‘\

= | @B | —
By-pass

m Syrnge P Micro GC

dispanser
-
i o m T

HCT Anadyser

Flow meter

Abs=orplion
column

Figure 2. Configuration d’absorption dynamique utilisée. Pour les COV, CO ; et I'absorption du biogaz

brut.

Afin d'évaluer les performances des DESs dans des conditions simulant une colonne d'absorption,
nous avons sélectionné un solvant présentant une capacité d'absorption et une utilité élevées pour
divers COV en utilisant l'installation de barbotage a I'échelle du laboratoire. Lors des premieres
expériences, trois COV (toluéne, limonéne et siloxane D4) ont été sélectionnés car ces COV se trouvent
dans le biogaz. Cing absorbants ont été sélectionnés : Ci0:C12, Rameb:Lev, eau, PG16 et CO et étudiés

a différentes températures et débits. Le mélange de toluéne, limonene et siloxane D4 (TLS) a

162



également été évalué. Dans chaque expérience, une masse spécifique d’absorbant (environ 20 g) a
été utilisée et latempérature a été réglée entre 25 et 30 °C selon I’expérience. La capacité d'absorption
du toluéne dans I'eau, le PG16, I'AA, le BA et I'eau/solvants a également été évaluée.

Dans le cas de I'absorption du dioxyde de carbone et de biogaz brut, dans les premieres expériences
nous avons évalué la capacité d'absorption du CO, (50%) mélangé au N, (50%) dans des absorbants
tels que I'eau, PG, C5:C12, C10: C 12, Rameb:Lev, tétraéthylenepentamine (TEPA) : Cg:Ciz: eaua 20 %
(8:3:1) et TEPA + eau a 20 %. Nous avons ensuite évalué la capacité d'absorption du biogaz brut avec
Cs:C12, RL et I'eau. Enfin, 200 mL.min " de gaz de combustion simulés (50 % CO ,, 50 % N ;) ont été

introduits dans 180 g de la solution et laissés réagir jusqu'a saturation a 30 °C et 1 bar.

2.4.2. Echelle industrielle

La transposition des études a I’échelle du laboratoire aux opérations a I’échelle industrielle est une
étape importante et souvent difficile dans de nombreux domaines, notamment la chimie et
I'ingénierie. Sur la base de ces conditions, le but de cette étude était d'évaluer et de comparer
I'efficacité des solvants disponibles industriellement tels que PG16, AA, BA et leurs mélanges avec
I"eau pour éliminer le toluéne des gaz d'échappement du laboratoire a I'échelle industrielle. En
collaboration avec notre partenaire Terraotherm. Les expériences ont été réalisées a Coudekerque -
Branche, France. L'absorbeur Terrao ® est un échangeur direct de chaleur et de masse présentant
I'avantage de petites dimensions géométriques (1 m 2au sol pour 5000 Nm?/h et 2 m de hauteur quel
gue soit le débit). Le flux gazeux traverse le liquide de I'échangeur afin d'échanger les composés
solubles dans le solvant. Cet échange induit alors un mouvement de turbulence dans la phase liquide
pour augmenter la probabilité de rencontre entre le solvant et le gaz, et 140 ainsi améliorer I'échange
de matiéres. L'échangeur Terrao ® est équipé d'un systéme de pompage hydraulique permettant de
remplacer le solvant saturé par le solvant de secours en cas de saturation du solvant et augmentant
les turbulences du liquide. Dans nos expériences, une concentration de toluéne de 2 000 mg/m 3a été
utilisée. Le débit de gaz d'alimentation était de 2 000 m*/h et le Terrao © était alimenté avec 300 litres
de solvant. La concentration de toluene dans les gaz d'entrée et de sortie a été surveillée avec un

analyseur d'hydrocarbures totaux (Envea ). Le dispositif expérimental est illustré a la figure 3 [10].
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Figure 3. Expériences a I'échelle industrielle avec I'échangeur Terao ©®.

2.5. Régénération des absorbants

Pour la méthode statique, trois méthodes telles que chauffage + agitation et barbotage d'azote
(chauffage et non chauffage) avec un débit contrdlé (100 mL.min) ont été évaluées pour éliminer le
toluéne du DES. Cependant, le temps de régénération peut varier d'un absorbant a I'autre. Dans cette
étude, nous avons évalué d'abord le temps nécessaire pour régénérer I'absorbant Cyo :Cy2 puis nous
avons effectué douze cycles d'absorption/désorption. Dans le cas de la méthode dynamique, des
études de régénération ont été réalisées en utilisant la configuration d'absorption dynamique en
suivant la désorption des absorbants a 60 °C. Durant le processus de désorption, |'azote entre en

contact avec des absorbants chargés de COV/CO,/CH4ou de biogaz a un débit de 100 mL.min

3. Résultats et discussion

3.1. Viscosité et densité

L'étude expérimentale s'est concentrée sur la determination de la viscosité des solvants eutectiques
profonds (DESs) et des solvants conventionnels en fonction de la température. Le modéle Vogel-
Fulcher- Tammann (VFT) a été utilisé pour ajuster les valeurs expérimentales de viscosité en fonction
de la température, et les résultats sont présentés sur la figure 4. Une diminution constante de la
viscosité avec lI'augmentation de la température a été observée pour les DESs et les solvants
conventionnels. Ce comportement correspond aux modeéles couramment décrits pour les DESs et les
solvants conventionnels. Les DESs a base d'acides gras présentent une faible viscosité a température
ambiante, et une diminution progressive a des températures élevées par rapport aux solvants trés

visqueux.
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Figure 4. Viscosité expérimentale des DES étudiés (a et b) et des solvants conventionnels (c) en

fonction de la température.

Les valeurs de viscosité des acides gras hydrophobes varient entre 6 et 9 mPa-s a 30 °C. La viscosité
est influencée par la longueur de la chaine alkyle, dans I'ordre : Cg:Ci2 < Co:C12< C:Cy2. Les valeurs
de viscosité obtenues pour les DES d'acides gras hydrophobes sont nettement inférieures a celles des
DESs hydrophiles et a base de cyclodextrine, ainsi que des absorbants conventionnels comme le
glycérol. Des valeurs de viscosité plus faibles indiquent des processus d'absorption et de désorption
plus rapides, qui nécessitent moins d'énergie dans les opérations impliquant des colonnes
d'absorption. L'étude souligne l'intérét industriel de liquides moins visqueux pour des opérations
d'absorption-désorption efficaces. Les travaux de recherche donne un apercu des caractéristiques de
viscosité des DES et des solvants conventionnels, en mettant I'accent sur l'impact de la température

et de la longueur de la chaine alkyle sur leur comportement rhéologique [5,11].

3.2. Coefficients de partage (K)

Les valeurs dans I'eau sont proches de celles de la littérature. Concernant le siloxane D4, on peut
observer de grandes variations dans la littérature selon la méthode utilisée ou le temps d'équilibre. La
diminution des valeurs de K observée pour tous les COVs dans tous les solvants par rapport a I'eau
indigue qu'une plus grande quantité de COV a été absorbée dans ces solvants. De plus, les valeurs K
des COVs dans les DESs hydrophobes sont inférieures a celles des autres DESs étudiés. Parmi les
solvants physiques étudiés, le glycérol a montré la plus faible capacité d’absorption des COV. Le
carbonate de propylene, I'huile de cuisson, I'alcool benzylique, I'acide acétique et 'acide lactique
présentent des capacités d’absorption des COVs bonnes a modérées. Cependant, en raison de leur
viscosité élevée, nous avons décidé d’abandonner I'acide lactique et le glycérol.

L'un des COV les plus étudiés dans la littérature est le toluéne. Il sert de COVs modele des COVs
hydrophobes. Les valeurs K obtenues pour le toluéne dans les six DESs étudiés et huit solvants
conventionnels se situent entre 4,55E-05 et 4,06E-02. Concernant le limonéne, les valeurs de K dans

les DES hydrophobes varient entre 1,13E et 04 a 1,19E-04, ce qui correspond a une diminution jusqu'a
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20531 fois par rapport a I'eau. Les DESs ont montré une fois de plus la plus grande capacité a absorber
le limonene par rapport aux autres solvants, a I'exception de I'huile de cuisson qui était de 9,73E-05.
De plus, la valeur K de I'alcool benzylique était I'une des plus faibles parmi les solvants conventionnels.
Le pinéne appartenant a la méme classe que le limoneéne, les mémes profils d’affinité sont observés.
Les valeurs K du siloxane D4 varient entre 2,92E-04 et 3,14E-04 dans les DESs et entre 8,42E-02 et
4,45E-04 dans les solvants conventionnels. Cela fait encore une fois des DESs hydrophobes, de I'huile
de cuisson et du carbonate de propylene les absorbants les plus efficaces. Peu d'études ont été
consacrées a l'évaluation des solvants pour l'absorption des siloxanes, qui ont été évalués par
plusieurs DESs a base de bromure de tétrapropylammonium et de glycols et a base de carvone comme
absorbants pour I'élimination des siloxanes du flux de biogaz modele. Leurs résultats ont souligné que
les DES composés de carvone et d'acides carboxyliques présentaient une forte affinité pour les
siloxanes. Cette observation est en bon accord avec la forte affinité observée dans notre cas entre les
DESs a base d'acides carboxyliques et le siloxane D4 par rapport aux solvants conventionnels. En raison
des valeurs de K plus élevées des COVs dans le glycérol, ainsi que de sa viscosité élevée, aucune autre
évaluation de ce solvant n'a été réalisée. Les valeurs K de BA et PC montrent une meilleure absorption,
correspondant a une valeur 17 fois supérieure. Cependant, ils sont du méme ordre de grandeur que
les DES hydrophobes.

Dans le cas du dichlorométhane, on note une capture similaire dans le PC par rapport aux DESs

composé d'acides gras et d'autres solvants classiques.

3.2.1. Effet de la température

La température est un facteur critique qui pourrait affecter I'absorption des COVs. L'influence de la
température sur I'absorption des COVs a été étudiée a -20, 0, 30, 45 et 60 °C. Comme le montre la
figure 5, les valeurs K de tous les COV étudiés ont augmenté avec la température, quel que soit le
solvant étudié. La valeur K du toluéne dans Cs :Cj; est de 4,75E-04 a 30 °C, alors qu'elle augmente
jusqu'a 2,60E-03 a 60 °C. Concernant les solvants classiques, I'abaissement de température leur
permet d'atteindre des valeurs proches de celle obtenue a 30 °C pour les DESs hydrophobes. Ces
observations sont similaires pour le limonene et le siloxane D4. Il ressort trés clairement des résultats
que I'abaissement de la température a eu un effet bénéfique sur I'absorption des COVs étudiés et
pourrait étre utilisé comme parametre pour ajuster I'efficacité des solvants. En effet, pour le PC la
valeur K diminue de 3,08E pour 03 a 60 °C a 2,65E-04 a -20 °C, cette derniére valeur est dans la méme
fourchette que celle obtenue avec les DESs. Ces observations sont similaires pour le limonene et le

siloxane D4 [11].
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Figure 5. Valeurs de K pour a, b) toluéne, c, d) limonene et e, f) siloxane D4 dans les solvants étudiés

a différentes températures.

3.2.2. Effet de la concentration initiale de COV

L'effet de la concentration initiale de COV sur la quantité absorbée de COV a été étudié pour les
différents COVs et solvants, comme le montre la figure 6 . Dans le cas du toluéne, la capacité
d'absorption varie de 0,29 a 2,6 mg de toluéne/g de DES pour des concentrations initiales comprises
entre 59 et 531 ppm. Ces résultats montrent que I'absorption du toluéne dans les DESs hydrophobes
est sensible a la concentration et qu’aucune saturation n’a été observée. Les résultats indiquent
également une absorption élevée pour de faibles concentrations de COV, soulignant un grand
potentiel d'élimination des impuretés dans le biogaz, car les COV y sont présents a de faibles

concentrations (<300 ppm).
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Figure 6. Effet de la concentration initiale de toluene sur les capacités d'absorption de C:C 12a 30 °C.

3.2.3. Effet de I'eau sur I'absorption des COV

Un autre facteur critique pouvant affecter I'absorption des COV est la teneur en eau de I'absorbant.
Par conséquent, |'effet de I'ajout d'eau sur le coefficient de partage du toluene, du limonéne et du
siloxane D4 dans le carbonate de propyléne, le propyléne glycol et Cs.C1 5 été évalué a 30 °C comme
le montre la figure 7. La valeur de K du toluéne dans le carbonate de propyléne augmente de 1,20E-
03 a 3,66E-03 dans le carbonate de propylene avec 50 % en masse d'eau. Des observations similaires
peuvent étre faites pour le propyléne glycol ou la valeur K augmente de 3,31E-03 a 8,75E-02 dans du
propyléne glycol avec 50 % en masse d'eau. Ce comportement est également observé pour le toluéne
dans Rameb:Lev et ChCl:Lev. La valeur de K augmente de 4,15E-03 2 0,270 avec 90 % en masse d'eau.
Pour le toluéne dans Rameb:Lev, la valeur K est passée de 1,80E-03 a 0,126 avec 90 % en masse d'eau.
L'augmentation des valeurs K obtenues pour les COV dans les différents solvants en fonction de la
teneur en eau souligne une plus faible absorption des COV lors de l'ajout d'eau comme observé

précédemment pour les solvants organiques. [11].
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Figure 7. Valeurs de K pour a, b) toluéne, c, d) limonéne et e, f) siloxane D4 dans PC (bleu), PG (orange)

et C:C 12 DES (vert) avec différentes quantités d'eau ( 10, 30 et 50 % en masse a 30 °C.

3.2.4. Effet des mélanges de COV

Les valeurs de K du toluéne, du limonéne, du siloxane D4 et du décane individuellement et en mélange
a 30 °C sont présentées dans la figure 8. Nous notons que la valeur de K d'un COV donné n'est pas
affectée par la présence d'autres COV. Ce résultat peut étre di a la structure similaire des COV dans
le mélange TLSD,.

Les DESs hydrophobes, CO et BA ont présenté une capacité d'absorption élevée pour les COV
individuels, comme indiqué précédemment. La majorité des valeurs de K sont du méme ordre de

grandeur que celles obtenues pour les COV individuels.
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Figure 8. Valeurs de K pour a, b) mélange TLSD, dans C30:C12, CO, BA, RL, PC, PG, PG16 et RPG a 30 °C.

Sur la figure 8b, les valeurs de K du mélange TLSD , dans RL, PC, PG, PG16 et RPG présentent des
valeurs similaires a celles des COV individuels. Cependant, dans le cas du RL et du RPG, les valeurs K
ont montré une légere variation entre le siloxane D4 seul et dans le mélange avec une légére
augmentation de la valeur de K. Ces résultats montrent que les affinités entre les absorbants et le

mélange de COV sont maintenues par |'absorption physique des COV dans ces absorbants.

3.3.5. Adsorption du dioxyde de carbone

La figure 9 représente la capacité d'absorption de CO; dans quatre DESs a 35 °C. Les trois DES
hydrophobes Cg :Ci1z, Co :C12 et Cyp :C12 ont démontré une absorption de CO, presque identique,
atteignant 7,53 mg de CO , /g Co:C1> a 3 189 mbar, tandis que RL a montré une absorption de CO,
légérement inférieure a presque la méme pression, atteignant 5,42 mg CO , /g RL a 3250 mbar.
L'absorption la plus élevée pour le CH; est de 3,08 mg CH /g Co:Ci2a 3 927 mbar. Dans le cas du

mélange CO, /CH, dans Cs:Cy», I'absorption du CH4 est inférieure a celle du CO,. Ceci était attendu du

170



fait que I'absorption individuelle de CO, était supérieure a I'absorption individuelle de CHs. Leur
absorption varie en fonction de la pression initiale.

La capacité d'absorption du CO, dans le DES étudié est inférieure a celle de liquide ionique qui était de
3,52 mg CO , /g d'IL, bien qu'elle ait des valeurs similaires a celles de I'éthyléne glycol et de I'octanol
qui étaient respectivement de 1,17 et 2,64 mg CO,/ g de solvant. a 35 °C et 1000 mbar. Concernant

les résultats obtenus, il est important de comparer I'absorption du CO, et du CHy.
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Figure 9. Capacité d'absorption de a) CO; (99%) dans Cg:C12, C9:C12, Ci0:Ci2et RL, b) CHs (95 %) dans Cs:C13,
Co:C12, Ci0:Cqy, et C) CO, (s0%) €t CHa (50 %) dans Cs:C,a 35 °C.

3.4. Absorption dynamique

La capacité d'absorption du toluéne, du limonene et du siloxane dans I'eau et dans les six absorbants
a été évaluée 3 30 °C, avec un débit de COV de 20 pL.h et un débit de N, de 10 Lh. Dans ces
conditions, les concentrations de toluene, de limoneéne et de siloxane D4 étaient respectivement de
100, 120 et 50 ppm. En comparant les capacités d'absorption, nous avons observé que I'eau possede
la capacité la plus petite, comme prévu par les études précédentes sur les coefficients de partage.
Ainsi, si les valeurs de K sont similaires pour les deux absorbants, la capacité d'absorption pour CO de
0,57 mg de toluéne /g de CO est inférieure a celle obtenue pour Ci:C1>. Rameb:Lev a une efficacité
d'absorption légérement inférieure a celle de BA + 60 % en poids d'eau, avec une capacité de 0,255
mg de toluéne par g RL par rapport a 0,335 mg de toluéne/g de solvant pour BA + 2,0 % en poids d'eau.
Malgré la viscosité élevée du RL, la capacité d'absorption est meilleure que celle du PG16 et de I'AA +
60 % en masse d'eau, 0,155 et 0,038 mg de toluéne/g de solvant, respectivement. Ce comportement
est également observé pour le limonéne et le siloxane D4. Cela confirme que la méthode statique est
en accord avec la méthode dynamique. Par conséquent, les valeurs K sont obtenues a I'équilibre

thermodynamique ol la viscosité n’influence pas la capacité d’absorption.
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3.4.1. Effet de la concentration initiale de toluéne

L'effet de la concentration initiale de toluéne a été étudié en utilisant cinq débits différents de 10, 20,
40, 80 et 100 pL.h™*avec un débit d'azote de 15 L.h1a 30 °C. La quantité de toluéne capturé augmente
linéairement avec I'augmentation du débit de toluéne en Cyo:C12. Une tendance similaire se retrouve
dans la littérature. Les résultats obtenus a partir des différents débits de toluéne dans Cy0:Ci2 sont de
0,422, 0,883, 1,768, 3,94 et 5,91 mg de toluéne par g de DES. Les valeurs obtenues dans la littérature
pour le toluéne en ChCl:Lev et TBABr:Dec étaient de 0,55 mg par g de DES et de 2,37 mg par g de DES
avec un débit assez similaire de 73 pL.h™t. Cependant, il a montré une capacité d'absorption inférieure
pour le toluéne par rapport au DES C10:C1, qui était de 3,94 mg par g de DES a 80 puL.h. Globalement,
nos résultats indiquent que la solubilité du toluene dans le DES hydrophobe est sensible aux conditions
de concentration, ce qui indique également que le processus d'absorption du toluene est réversible
et peut é&tre soumis a une régénération en augmentant la température et/ou en diminuant la

concentration [12,13].

3.4.2. Effet du mélange de COV

D’un point de vue industriel, il est intéressant d’étudier la capacité d’absorption des mélanges de COVs
dans des absorbants a I’échelle du laboratoire. Par conséquent, I'absorption du mélange TLS dans cing
absorbants a été évaluée afin de la comparer aux mélanges individuels. Les capacités d'absorption des

absorbants sont similaires pour le mélange de COV.
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Figure 10. Capacité d'absorption du mélange TLS dans I'eau, PG16, RL, CO et C10:C12 a2 30 °C

Pour le limonéne, seul et en mélange les valmeurs de K sont de 0,33 et 0,34 mg de COV/g de Ci.C1>

etpourle siloxane de 0,22 et 0,23 mg de COV/g de Cyo: C1, . Ainsi, on conserve le méme comportement
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pour le mélange de COV. Dans le cas du toluene, la capacité d'absorption du mélange de COV dans le
CO était de 0,39 mg/g de CO, tandis que pour le toluéne individuel il était de 0,57 mg de toluéne/g de
CO. La méme tendance est observée pour le RL, le PG16 et I'eau avec une légere diminution de
I'absorption. De COV dans le mélange par rapport au pur, comme le montre la figure 10 . Dans le cas
de I'eau, c’est I'absorbant le moins efficace, réduisant sa capacité d’absorption de pres de moitié. La
capacité d'absorption du mélange TLS est respectivement de 0,0036, 0,0018 et 0,0090 mg de COV/g
d'eau. Par conséquent, le coefficient de partage du mélange de COV dans les absorbants a montré des
résultats de tendance comparables, soulignant que I'utilisation d'une méthode statique peut fournir
une bonne compréhension de I'absorption des COVs individuels et du mélange de COV dans les

absorbants.

3.5. Absorption du dioxyde de carbone et du biogaz brut

La capacité d'absorption du CO; et de biogaz brut dans les absorbants sont répertoriés dans le tableau
2. Comme prévu, le mélange TEPA + eau 20 % a la capacité d'absorption la plus élevée avec 2,87 mol
CO,/ kg TEPA + eau 20 %. Parmi eux, le TEPA a base de DES a montré une absorption significative avec
0,9 mole CO; / kg TEPA:Cs:Cy; :eau 20 %, ce qui est principalement due a l'influence de I'amine.
Concernant les DESs, Cg:Cy; présente une absorption légérement supérieure, avec 0,05 mole de CO ;
/ kg de Cs:Cio. Tous les absorbants testés présentent des valeurs d’absorption similaires, proches de
celles de I'eau. Concernant la composition du biogaz, outre le CO;, le biogaz contient également divers

contaminants tels que des COV et du H ,S.

Tableau 2. Capacité d'absorption du CO ; (so%) dans différents absorbants a 30 °C.

TEPA+
:Cg:C12: +
Absorbants TEPA:Cs :Caz Cs:C1  Ci10:Cr2 R.L. PG eau TEPA éthanol+
€au 20% €au 20%
eau
Capacité
d'absorptio 0,9 0,050 0,045 0,030 0,043 0,038 2,870 2,48
n mol CO ,
kg

Afin d’évaluer I'absorption du biogaz dans les absorbants, il était nécessaire de connaitre la
concentration du biogaz. Le biogaz brut était donc stocké dans une bouteille sous pression. Les
concentrations du biogaz étaient de CO, (26%) et CH, (28%), H » S (4%), les COV variaient entre 50 et

100 ppm. Le tableau 3 montre la capacité d'absorption du biogaz brut CO, (26%) et C Hs (28 %) a 38
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ml min-! dans le DES Cg: Ci, et RL & 30 °C. En conséquence, la capacité d'absorption de I'absorbant

pour le CO, /CHsa montré un transfert de masse comparable aux résultats précédents.

Tableau 3. Capacité d'absorption du CO: (26%) CH4 (28%) dans différents absorbants a 30 °C.

Co, co, CHs CHs
Absorbants Ce:Ciz_ RL  CeCu RL
Capacité
d'absorption mol 0,047 0,044 0,030 0,031
kg?

3.6. Absorption dynamique a I'échelle industrielle

Les capacités d'absorption obtenues a 20 °C sont présentées sur la figure 11. Les résultats sont en bon
accord avec les mesures a I'échelle du laboratoire. Quelque soit le % en masse d'eau, les mélanges
eau/BA présentent des capacités d'absorption supérieures a celles de I’AA et de PG16. Le mélange
BA/eau a 20 % en masse présente la capacité d'absorption la plus élevée pour le toluéne (22,70 g de
toluéne par L de solvant), tandis que I'épuration a I'eau est le solvant le moins efficace avec 0,56 g de
toluéne par L de solvant. Comme observé précédemment, la capacité d’absorption du solvant diminue
a mesure que le % en masse d’eau augmente. Concernant le PG16, la capacité d'absorption est
toujours inférieure a celle du BA a méme % en masse d'eau. Comme le dispositif industriel soit en

boucle fermée, aucune expérience de régénération n'a été réalisée.
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Figure 11. Capacité d’absorption du toluéne dans les solvants et les mélanges eau/solvant a 20 °C.
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3.7. Régénération de solvants pour méthodes statiques et dynamiques

Pour la méthode statique, la capacité d'absorption d'un absorbant chargé en toluéne, Cio :Ci,, est
restée stable aprés douze cycles d'absorption-désorption. Le temps de régénération de Cio:Cyz a été
réduit a 2,5 heures en utilisant de I'azote barbotant a 60°C, par rapport au procédé précédent de
désorption thermique a 60°C pendant 48 heures. Cette méthode est plus efficace en raison de sa
régénération plus rapide, ce qui la rend plus adaptée aux systémes industriels. La perte de masse de
C10:Cy2 était inférieure a 1 % pour toutes les méthodes de régénération. La capacité d'absorption de
de toluene dans le DES est restée stable pendant douze cycles. Dans le cas de I'absorption dynamique,
les expériences de régénération ont été réalisées en utilisant le stripping. Dans toutes les études de
désorption, la température a été augmentée pour accélérer la régénération, confirmant I'avantage du
préchauffage de la colonne de désorption pour réduire la durée et le colit de I'ensemble du processus

[14].

4. Conclusion

Le but de cette étude était d'évaluer des DESs et des solvants conventionnels comme nouveaux
absorbants des impuretés du biogaz telles que les COVs et le CO, par absorption physique. Cette étude
a été réalisée en collaboration avec un partenaire industriel qui a développé de nouveaux échangeurs
de masse et de chaleur. Dans ce but, nous avons étudié différents types de DESs et de solvants
conventionnels et les avons caractérisés, tels que la teneur en eau, la viscosité, la densité et I'IR. Nous
avons évalué la capacité d'absorption de COVs individuels, de leur mélange et du CO, /CH4 dans
différents absorbants. Les COVs sélectionnés pour notre étude étaient basés sur les impuretés du
biogaz et leur diversité structurelle utilisée dans l'industrie. Les valeurs K obtenues a 30 °C ont été
utilisées pour représenter |'efficacité des absorbants par rapport a tous les COV sous la forme d'un

diagramme a code couleur, comme le montre la figure 12.

Figure 12. Efficacité d'absorption des COV dans les DES et les solvants conventionnels
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L'absorbant le moins efficace est indiqué en rouge et le plus efficace en vert. Cependant, la viscosité
plus élevée du CO et la volatilité plus élevée du BA, par rapport aux DESs hydrophobes, pourraient
étre moins efficaces en termes d'énergie élevée et de régénération, respectivement. De plus, il existe
une tendance linéaire de la capacité d’absorption a mesure que la concentration initiale de COV
augmente. La capacité d'absorption des COV par les absorbants a été controlée a différentes
températures. La volatilité des COV augmente avec la température et, par conséquent, la capacité de
I'absorbant a piéger les COV diminue. Ces comportements indiquent que I'absorption des COV par les
DESs et les solvants est une absorption physique et un processus facilement réversible, conduisant a
une régénération moins coliteuse de I'absorbant. La capacité d'absorption du CO, et CH, des DESs
hydrophobes est faible et peu prometteuse pour ces composés comparativement aux COVs. Pour se
rapprocher des conditions réelles d'une colonne d'absorption, nous avons ensuite évalué I'efficacité
du DES et des solvants conventionnels pour absorber les COV/CO, et le biogaz brut dans un processus
dynamique. De plus, le passage de I’échelle laboratoire a I’échelle industrielle montre des résultats

cohérents.
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Résumé

Le biogaz est une source d'énergie renouvelable produite naturellement par la digestion
anaérobie de matiéres organiques. Il se compose principalement de méthane (CHa4) et de
dioxyde de carbone (CO). Il contient également des traces de vapeur d'eau, de composés
organiques volatils (COV) et de sulfure d'hydrogene. La valorisation du biogaz en biométhane
nécessite I'élimination des contaminants présents dans le biogaz brut, en réduisant le niveau
d'impuretés afin d'obtenir une teneur élevée en CHg, de I'ordre de 90 a 99 %. Les utilisations
du biométhane sont les mémes que celles du gaz naturel, mais il s'agit d'une source d'énergie
non fossile et renouvelable a 100 %. De nombreuses technologies ont été testées et
appliquées pour éliminer les impuretés du biogaz, telles que le lavage a I'eau, le lavage
physique et chimique, la séparation par membrane, I'adsorption par variation de pression, les
méthodes biologiques, etc. Les absorbants jouent un réle important dans I'élimination des
impuretés du biogaz. Il est donc impératif de mettre au point de nouveaux absorbants dotés
d'une capacité d'absorption et d'une recyclabilité élevées. L'absorbant approprié doit
également avoir une faible viscosité, une toxicité relativement faible, une faible pression de
vapeur, un point d'ébullition élevé, une grande capacité d'absorption et un faible colt. Les
solvants eutectiques profonds (DESs) sont un mélange de deux ou trois composés chimiques
(généralement un composé accepteur d'hydrogene, HBA, et un composé donneur
d'hydrogeéne, HBD), qui se combinent par le biais de liaisons hydrogéne et dont le point de
fusion est inférieur a celui de chacun de leurs composants purs. Ces solvants ont des
propriétés physico-chimiques qui peuvent étre ajustées en fonction de la nature des
composés individuels et de leur ratio. L'objectif de cette theése était d'évaluer des DES et des
solvants verts conventionnels en tant qu'absorbants pour les COV/CO,. Nous avons évalué et
comparé l'efficacité de différents DESs et absorbants conventionnels pour I'absorption de
neuf COV et du CO.. Le coefficient de partage vapeur-liquide (K) des COV dans les solvants
étudiés et la capacité d'absorption du CO; dans les DES ont été déterminés a l'aide de la
chromatographie en phase gazeuse couplée a I'espace de téte statique. L'effet du mélange
de COV, de la température et de la teneur en eau a été évalué. Les capacités d'absorption des
COV individuels, de leur mélange et du CO2/CHs4 dans les DES et les solvants conventionnels
ont également été évaluées a l'aide d'un dispositif dynamique simulant une colonne
d'absorption industrielle. Les résultats statiques et dynamiques obtenus sont en bon accord.
Les capacités d'absorption d’absorbants industriels ont également été évaluées a I'échelle

industrielle en utilisant un échangeur développé par notre partenaire industriel (Terrao®).
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