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Abstract

The urgent need to meet the goals set in the Paris Agreement requires the exploration of new
technologies across all sectors. Regarding the transportation industry, while electrification and
hydrogen are promising solutions for light duty transport, for maritime shipping and aviation it
is necessary the use of liquid green fuels. Renewable methanol, derived from renewable
sources, like biomass, green hydrogen and renewable CO;, has a huge potential to replace fossil
fuels. However, its production generates water as a by-product that needs to be removed.
Currently, the purification of methanol is done through energy intensive distillation towers,

increasing the cost of e-methanol compared with traditional fuels.

Membrane technology offers an environmentally friendly and energy efficient alternative for
purifying green fuels. Among various types of membranes, carbon molecular sieve membranes,
CMSMs, are one of the most promising type of membranes due to their turbostratic structure
that combines a pore size distribution with micropores connecting ultramicropores, that are
responsible for molecular sieving. Typically, the carbon membranes have low affinity to water
molecules. However, in this project, non-supported hydrophilic cellulose-based carbon
molecular sieve membranes, with boehmite nanoparticules were developed to effectively

separate water from organic solvents, namely methanol and ethanol.

A series of carbon membranes with varying amounts of boehmite and subjected to different
carbonization atmospheres were successfully produced. The characterization tests revealed
that boehmite changes the microporous structure of the membranes and increases their affinity
for water. These findings corroborate the results obtained in the single gas permeation tests,
where the permeability and selectivity values increased, for all gases tested. The humidified
gas permeation tests demonstrated the membranes' ability to permeate water molecules, with

higher levels of boehmite content leading to increased permeability for humidified gas.

Finally, a proof of concept was carried out for the water/solvent separation tests. An
installation was made where mixtures with methanol and ethanol were tested at two distinct
temperatures. Analysis of the chromatograms revealed that water was present in the permeate
stream. The highest value of permeance was obtained for the separation of water/methanol at
200°C, of 0.502 mol-m?-h'-kPa'. After the tests conducted at 200 °C, the membrane
underwent a transformation, becoming hydrophobic and acquiring new components within its

chemical structure.

Keywords: Green fuels, CMSM, boehmite, permeability,

water/solvent separation.
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Resumo

A necessidade urgente de cumprir os objetivos estabelecidos no Acordo de Paris exige a
exploracao de novas tecnologias em todos os sectores. No que diz respeito a industria dos
transportes, enquanto a eletrificacdo e o hidrogénio sao solucdes promissoras para os
transportes ligeiros, para a navegacao maritima e aviacdo é necessaria a utilizacao de
combustiveis liquidos renovaveis. O metanol renovavel, derivado de fontes renovaveis como
biomassa, hidrogénio e CO; verde, tem um enorme potencial para substituir os combustiveis
fosseis. No entanto, a sua producao gera agua como subproduto. Atualmente, a purificacao do
metanol é feita através de torres de destilacao que consomem muita energia, aumentando o

custo do e-metanol em comparacao com os combustiveis tradicionais.

A tecnologia de membranas oferece uma alternativa ecologica e energeticamente eficiente
para a purificacao de combustiveis verdes. Entre os varios tipos de membranas, as membranas
de peneira molecular de carbono, CMSM, sao um dos tipos de membranas mais promissores
devido a sua estrutura turbostatica, que combina uma distribuicao do tamanho dos poros com
microporos e ultramicroporos, que sao responsaveis pela peneiracao molecular. Tipicamente,
as membranas de carbono tém baixa afinidade a moléculas de agua, no entanto, neste projeto
foram desenvolvidas membranas hidrofilicas de peneira molecular de carbono nao suportadas,
a base de celulose com nanoparticulas de boehmite, para separar eficazmente a agua de

solventes organicos, nomeadamente metanol e etanol.

Foram produzidas varias membranas de carbono com quantidades variaveis de boehmite e
sujeitas a diferentes atmosferas de carbonizacao. Os testes de caraterizacao revelaram que a
boehmite altera a estrutura microporosa das membranas e aumenta a sua afinidade pela agua.
Estas conclusdes corroboram os resultados obtidos nos ensaios de permeacao monocomponente,
onde os valores de permeabilidade e seletividade aumentaram, para todos os gases testados.
Os ensaios de permeacao a gas humidificado demonstraram a capacidade das membranas para
permear moléculas de agua e que, mais uma vez, um teor de boehmite mais elevado conduziu

a um aumento da permeabilidade para o gas humidificado.

Finalmente, foi efetuada uma prova de conceito para os ensaios de separacao de agua e
solventes organicos. Foi construida uma instalacdao onde foram testadas misturas com metanol
e etanol a duas temperaturas distintas. A analise dos cromatogramas revelou que agua estava
presente no permeado. O valor mais elevado de permeancia foi obtido para a separacao de
agua/metanol a 200 °C, de 0.502 mol-m?2-h"-kPa". Apds os testes realizados a 200 °C, a
membrana sofreu uma transformacao, tornando-se hidrofobica e adquirindo novos

componentes na sua estrutura quimica.

Palavras-chave: Combustiveis verdes, CMSM, boehmite, permeabilidade,
separacao agua/solvente.
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1 Introduction

1.1 Framing and presentation of the work

At present, the average Earth's temperature is already 1.1 °C higher than it was in the late 19"
century, and greenhouse gas emissions have been increasing persistently. In order to limit
global warming to a maximum of 1.5 °C above pre-industrial levels, as stipulated in the Paris
Agreement, a 45 % reduction in gas emissions is necessary by 2030 and net-zero emissions should
be reached by 2050 [1, 2].

Of the 50 billion tonnes of greenhouse gas emissions per year, more than 20 % comes from the
transport sector (including aviation and maritime shipping) [3, 4]. With the world's population
on the rise and income levels increasing, it is inevitable that all sectors of the economy will
experience an expansion. The International Energy Agency (IEA) anticipates a doubling of global
transportation, a 60 % rise in car ownership rates, and a threefold surge in demand for
passenger and freight aviation by the year 2070 [5]. If it continues with only the current

technologies, a very large increase in transport emissions will occur.

Figure 1.1 shows an optimistic scenario for the future of the transportation sector. To achieve
this decrease in emissions, new and scalable technologies are needed. While electrification and
hydrogen offer a promising approach to decarbonize light-duty transport, the use of these
technologies becomes particularly challenging when it comes to heavy-duty trucking, maritime
shipping, and aviation, primarily due to their high energy and power density demands. It is
unrealistic to rely on batteries to power ships that must remain at sea for weeks or even
months. One of the significant advantages of maritime fuel is that it can be of lower quality,
more viscous, and less refined than those fuels employed in aviation or road transport.
Moreover, it is possible to use the same existing infrastructures, including pipelines and

bunkering [6].

o Aviation
aShipping

BMedium- and heavy trucks
BBuses and minibuses
©Light-commercial vehicies
@Passenger cars

s Twolthree-wheelers

yyyyyyyyyyy

oRail

2000 2010 2020 2030 2040 2050 2060 2070

Figure 1.1. (A) CO2 emission by sector (reproduced from [3]); (B) Sustainable development scenario

for transport emissions until 2070 (reproduced from [5]).
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Liquid biofuels and e-fuels can be an excellent solution in this field, helping to decrease or
even replace the use of fossil fuels. A biofuel is any fuel that is derived from biomass; while e-
fuels, such as e-methanol, are generated from renewable electricity. They involve the
production of green hydrogen and the direct capture of CO; from the atmosphere or industrial

plants (e.g. biomass combustion) [7].

In 2021, IRENA (International Renewable Energy Agency) and Methanol Institute presented a
report with some expectations about the present and the future of methanol. According to
them, around 98 Mt of methanol are produced per year, but less than 0.2 Mt is renewable
methanol, mostly bio-methanol [8]. To meet the Paris Agreement, this number needs to

increase.

Renewable methanol, like e-methanol is made from the reaction of green hydrogen with
renewable carbon dioxide and carbon monoxide. Hydrogen can be produced from renewable
electricity and CO; from biomass [9]. Nowadays, the production cost for this type of methanol
can range from USD 800-2,400 /t. However, as the prices of renewable hydrogen and CO; get
lower, it is expected to decrease to USD 250-630 /t by 2050, which is a much more attractive
cost [8].

Beyond its significant potential as a fuel, either as an additive, blend, or a replacement for
fossil fuels, methanol finds various other applications, such as in the manufacturing of
chemicals like acetic acid, dimethyl ether, alkenes and formaldehyde which are used in several

products including paints, adhesives, plastics, and more [10].

Capwatt is currently working on a project to produce renewable methanol for fuel applications
(Figure 1.2). The goal is to generate an annual output of 40,000 tons of methanol. To achieve
this, the company plans to obtain hydrogen through water electrolysis, with the necessary
electrical energy coming from a solar park, while capturing approximately 70,000 tons of CO;
per year from biomass gasification. Carbon dioxide and hydrogen are introduced into a catalytic
reactor, operating at a pressure of approximately 40 to 90 bar and a temperature range of 200
to 300 °C.
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Figure 1.2. Scheme of Capwatt's methanol production process.

The reaction between carbon dioxide and hydrogen produces not only methanol, but also
generates water as a byproduct [11]. It is necessary to remove the water, which is typically
done through a distillation tower [12]. However, this process has an azeotropic limit which
means that at the end, methanol is not pure enough. Further dehydration process with pressure
swing absorption is necessary. These conventional methods consume large amounts of energy,
are inefficient and difficult to maintain, and have a large carbon footprint, making the price of
renewable methanol very high compared to fossil fuels [13].The goal for this project is to find
and test a sustainable technology capable of withstanding severe conditions such as the

temperature at the reactor outlet (>280 °C).

Membrane technologies are recognized as an energy efficient and environmentally friendly
alternative for separation of gases and solvent mixtures [14]. Among the various types of
membranes, carbon molecular sieve membranes (CMSMs) are one of the most promising porous
inorganic membranes due to their simple manufacturing process and at the same time their

excellent performance and stability under harsh conditions [15].

The objective of this work was to prepare hydrophilic carbon molecular sieve membranes for
dehydration of alcohols. In addition to characterizing the membranes chemically and
morphologically, the aim was also to test their performance in single gas separations and

water/solvent mixtures separations.

1.2 Presentation of the companies

Capwatt was founded in 2008, leveraging the existing know-how of the Sonae Group. It is a
company focused on developing and implementing more efficient and sustainable energy
solutions that maximize synergies between decentralized production. Currently, Capwatt
operates in Portugal, Mexico, and Spain, with over 90 projects in cogeneration, photovoltaic,

wind, biomass, biogas, and energy storage technologies.

This project was carried out also in collaboration with CARBOPORA, a 2021 founded start-up

from the Faculty of Engineering of the University of Porto. The company mission is to develop
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and commercialize green, inexpensive, and renewable membrane-based separation solutions.
Due to its university affiliation, it has a strong scientific and technological background,
supported by more than 20 years of research and development experience in membrane

separation technologies.

1.3 Contribution of the author to the work

During the initial weeks the author acquired the necessary skills to fabricate cellulose-based
carbon molecular sieve membranes. Subsequently, the author produced carbon membranes
with different boehmite content and different carbonization atmospheres in order to find the

membrane with the best separation performances.

To analyze the performance of the membranes, the author conducted single gas permeation
tests and prepared samples of each membrane for several characterization tests, performed by

experts in the field.

Furthermore, the author actively contributed to the construction of an installation for testing

water/solvent separations and then carried out the experiments using this setup.

The objectives outlined in this dissertation were successfully achieved within the planned

timeframe.

1.4 Organization of the dissertation

This dissertation is divided into six main chapters, being chapter 1 a short introduction on the
topic of green fuels and a presentation of the project companies’ for this dissertation. Chapter
2 contains the important theoretical principles about membrane technology, principally about
carbon molecular sieve membranes. Additionally, this chapter presents a state-of-the-art
overview of membrane technology implemented in both gas separation and water/solvent

separation processes.

The materials, characterization tests and the procedures utilized throughout this work are
described in chapter 3. The results obtained with those methods are presented and discussed
in the following chapter, the Results and Discussion chapter. Chapter 5 presents the conclusions

of the work.

Finally, in chapter 6 an evaluation of the work is made both based on the accomplishment of
the proposed objectives and on a personal evaluation of the work. The limitations found

throughout the work and suggestions for future work are also presented.
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2 Context and State of the art

2.1 Membranes

Membrane technology is currently a well-established technology in the market for separation
processes, for example, for biogas upgrading [16] but it was only in the 80’s that membranes

started to be applied on industrial scale for gas separation processes [17].

Since then, a lot of innovation has been brought to this field, showing promising results. This
technology has some great advantages like easy scale-up, possibility to combine with other
technologies, continuous separation, low energy consumption and low operation and
maintenance cost, becoming a very appealing technology for the future of the industry [18].
Especially, due to the need of various industries to separate carbon dioxide from gas streams,
the gas separation membrane market has grown. In 2021, the global gas separation membranes
market was valued at USD 0.9 billion and it is expected to grow up to USD 1.3 billion by 2027
[19].

A membrane (Figure 2.1) can be defined as a permselective barrier or an interface between
two phases [20]. Basically, in this process, the feed stream, that is on one side of the
membrane, is separated in two streams: the retentate and permeate streams. Depending on
the final purpose of the separation, the required product will be in one of these streams.
Certain components of the feed mixture are able to pass through the membrane due to the
membrane’s higher affinity for them. In order for this to happen, a driving force is necessary,
which can be in the form of pressure, concentration, heat, or an electrical or chemical potential

gradient established between the upstream and downstream [21, 22].

retentate

permeate

Figure 2.1. Scheme of membrane separation (reproduced from [22]).

Membranes can be classified regarding to their nature, structure or transport mechanism. Based
on their nature, a membrane can be biological or synthetic. For synthetic membranes, they can
be further divided into organic (polymeric), inorganic, or a mixture of these two types.
International Union of Pure and Applied Chemistry, IUPAC, classify the structure of membranes

according to the pore dimension [23], as described in Figure 2.2.
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Figure 2.2. Membrane classification according to the pore size.

The structure of porous inorganic membranes can be classified as symmetric and asymmetric

[18]. The structural differences are illustrated in Figure 2.3.

Figure 2.3. (A) symmetric structure (reproduced from [2]); (B) asymmetric structure (reproduced from
[24]).
To date, polymeric membranes have held a prominent position in the global membrane market,
primarily due to the availability of cost-effective polymer materials that exhibit favorable
separation performance [18]. Cellulose acetate, polyacrylonitrile and polyethylene are some
examples of materials used in these membranes [25]. Depending on the operating conditions,
polymeric membranes can be glassy (hard and rigid), when the polymer is below its glass
transition temperature, Tg, or rubbery (soft and flexible) [18], when the polymer is above its
T,. In the glassy state, the permeability tends to be lower and the selectivity higher than in

rubbery state.

The major problem of polymeric membranes is their inability to withstand harsh conditions.
When exposed to elevated temperatures and high levels of feed and water, they tend to swell,
resulting in reduced effectiveness when separating biofuels [26]. There is also a trade-off

between permeability and selectivity that this type of membranes cannot overcome - the so-
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called Robeson Upper Bound [27]. Some of the leading players in the polymeric membranes

market are DuPont, Air liquids, Evonik and Air products [28].

Inorganic membranes are a very promising alternative to overcome the limitations described
above. Zeolites, silica and carbon membranes are included in this type of membranes. One of
the major benefits of these membranes is their ability to withstand high concentrations of feed
and water without swelling [14]. While zeolites can exhibit excellent hydrothermal stability,
their ability to selectively separate smaller gas molecules is limited. Additionally, scaling up
their production poses a challenge due to the complexities involved in synthesizing crack-free
zeolite films with no inter-crystalline pores [14, 29]. Although silica exhibits favorable results
in terms of hydrogen separation, its performance is unsatisfactory regarding selectivity and
hydrothermal stability [14, 26]. Researchers are showing significant interest in Carbon
Molecular Sieve Membranes (CMSM) due to their ability to simultaneously achieve high

permeabilities and selectivities while maintaining stability.

Mixed matrix membranes combine the advantages of inorganic and polymeric membranes. By
integrating a solid phase into a polymer matrix, it becomes feasible to achieve high mechanical
properties, better processability and the low cost associated with polymeric materials.
However, this type of membranes still has some limitations inhibiting its commercialization

such as the agglomeration of the solid or the lack of adhesion between phases [18, 30].

In polymeric membranes (organic), the transport of gases is based on the solution-diffusion
mechanism. Initially, gas dissolution takes place at the interface of the membrane.
Subsequently, the gas moves through the membrane, transferring from one free volume to
another and interacting with polymer chains. The final stage involves the gas being released at

the opposite interface [29].

In contrast, in gas separation on a carbon membrane, there are four different separation
mechanisms, depending on the size of the pores: Knudsen diffusion, capillary condensation,
surface diffusion and molecular sieving [29]. The prevailing mechanism in a membrane depends
on several factors, including the membrane's properties, the gases to be separated, and the
operating conditions (such as temperature and pressure) [31]. Knudsen diffusion takes place
when the pore diameter is smaller than the mean free path of the gas molecule, this mechanism
is predominant in larger pores [32]. Capillary condensation can happen when the pore size is
sufficiently small and a condensable penetrant can thoroughly wet the surface of the pore,
leading to the formation of multiple layers of the penetrant molecules and to the filling of the
pore [33]. The surface diffusion mechanism involves the adsorption of gas molecules at the
entrance of a membrane pore, their subsequent migration along the pore’s surface, and their

desorption at the other end [34]. Molecular sieving occurs when the pores are very small,
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approaching the molecular dimensions of the species being absorbed which contributes to high

selectivity [35]. Figure 2.4 has a representation of the referred mechanisms.

Figure 2.4. Transport mechanisms through a porous membrane: (a) Knudsen diffusion; (b) surface

diffusion; (c) capillary condensation; (d) molecular sieving (reproduced from [36]).

Typically, a membrane performance is evaluated by two key factors: permeability, which
reflects the membrane's productivity, and it is normally characterized by the flux trough the
membrane, and selectivity, which measures the membrane's efficiency. A good separation

process requires achieving good permeability and selectivity results, simultaneously [29].

The flux or permeation rate, J, is the flow through the membrane per unit area and it can be

described by Fick’s first law [37], as shown in Equation 1:

] = Ddc €Y

U dx

where D is diffusivity and % is the driving force, that in this case is described as the

concentration gradient, but it can be other driving force as previously mentioned. Being [ the
membrane thickness and integrating the previous equation between the upstream (high
pressure) and downstream (low pressure) side, at the steady state, it is possible to obtain the
following equation:

Co—C1
l

where ¢, — c¢; is concentration gradient. In case the solubility of the gas follows Henry’s law
[38]:
c=Sp 3)

where p is the pressure of the gas and S the sorption coefficient, the proportionality constant.

Combining Equation 2 and 3:

]=SDp0_p1 (4)
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where p, — p, is the pressure difference between the feed and the permeate side.

The Sorption-Diffusion model describes the membrane permeability, P, as the product of
diffusivity (kinetic factor), and sorption coefficient (thermodynamic factor) [39], as shown in

Equation 5:
P=DS (5)
Therefore, the membrane permeability can be represented as,

Jl
Po — P1

pP=

(6)

Usually, the unit of permeability is expressed in Barrer, where 1 Barrer is equal
to 3.39 x 10" mol-m-m?2-s"-Pa”" [40].

The membrane efficiency is determined by the ideal selectivity, a,,5, that is defined as the
ratio of the permeability of two pure gases [41], measured separately under the same

conditions (Equation 7).

Py DS
“4/8 = By T DpSg

(7

As mentioned before, polymeric membranes suffer from a major limitation regarding to their
trade-off between permeability and selectivity. Robeson [27] in his studies showed that there
exists an intrinsic experimental upper bound limit, known as Robeson upper bound for the

separation performance, as shown in Figure 2.5.

100

Prior Upper

b - §
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P(O?) Barrers

Figure 2.5. Robeson upper bound for O,/N, separation (reproduced from [27]).

Contrary to polymeric membranes, CMSMs are not limited by the Robeson upper bound, being
able to achieve a better balance between permeability and selectivity, surpassing the upper
bound limit [42]. To quantify this performance, Araujo et al. [42] have proposed a new metric

called the Robeson Index. This index is defined as the ratio between the actual selectivity value
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(a;;) and the one corresponding to the Robeson upper bound (a;jryg), both for a given

permeability. The authors describe the Robeson Index as Equation 8:

a; a,j _lay
a; i 1 Lo ppm
i,jIRUB k_EPa i

i

Where P; is the permeability of the fastest gas, k is the “front factor”, a is the slope of the log-
log relationship, m is the slope of the Robeson upper bound for the gas pair and g is the y-
intercept of the Robeson upper bound [42]. Essentially, the Robeson Index indicates how many
times the membrane's performance exceeds Robeson’s upper bound limit. If the performance is

above or below this limit, the value of 0 is greater than 1 or less than 1, respectively.

2.2 Carbon Molecular Sieve Membranes (CMSMs)

CMSMs are prepared by pyrolysis of a polymeric precursor. The initial stage involves selecting
and preparing the precursor, followed by carbonization of the polymer membrane to form a
carbon membrane. Prior to and subsequent to carbonization, the membrane can be subjected

to pre-treatments and post-treatments, respectively [29].

The carbonization is performed under controlled conditions of atmosphere (e.g., vacuum, Nz,
Ar or CO;) and temperature history. During the carbonization, the polymer decomposes, and
the heteroatoms are released. This leads to the formation of carbon domains of randomly
stacked sp? hybridized carbon sheets and sp*® hybridized amorphous carbon [43]. Pores are
created from packing imperfections between microcrystalline regions in the material [44]. This
results in a carbon material with a CMSM structure that is described as turbostratic and “slit-
like”, featuring a bimodal pore size distribution with micropores connecting ultramicropores
[2] (Figure 2.6).

Ultramicropores (d <7 A)
“Slits between consecutive carbon strands”

# pores/cm? Micropores (7 A <d <20 A)

“gaps between plates”

Pore size (A)

Figure 2.6. Turbostratic structure of a CMSM (reproduced from [45]).

While micropores provide sorption sites responsible for the surface diffusion, ultramicropores,
called constrictions, allow molecular sieving. This combination results in high permeability and

high selectivity, a very distinct characteristic of this type of membranes [2, 44].
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One of the main problems of CMSMs was, until recently, their poor stability in certain
environments and consequent membrane aging. In the presence of humidity and because of the
low affinity of water on carbon surfaces, hydrophilic functional groups attract water molecules,
which can initiate adsorbate-adsorbate interactions and promote further adsorption via
hydrogen bonding, resulting in clusters of multiple water molecules that block the constriction
[2, 46]. When the membrane is exposed to air, it occurs oxygen chemisorption [46], that also
contributes to the reduction of porosity. Overcoming these challenges, Mendes group reported
humidity-insensitive cellulose-based CMSM [2] and a stabilization procedure (post-treatment of
the membranes with propylene) [47] that makes CMSM fully stable when in contact with air.
Furthermore, it is still challenging to develop ultrathin and defect-free CMSMs. It was only in
the 1980s that Soffer and Koresh become pioneers when they successfully prepared CMSMs by

pyrolysis of organic precursors [48].

Carbon membranes can be either self-supported in the form of flat membranes, capillary tubes
or hollow fibers, or they can be supported on flat or tubular structures using materials like
metals, alumina or graphite. These different types of geometry can be seen in Figure 2.7. The
microporous support appears to be a great solution to give mechanical stability to the
membrane and overcome its brittleness; for that, the polymer solution can be deposited onto
the support using various techniques including dip coating, spin coating, spray coating or even

ultrasonic deposition [29].

—

Flat sheet Hollow fiber Tubular

Figure 2.7. Different geometries of CMSMs (reproduced from [42]).

The choice of the polymer precursor is very important to obtain a stable CMSM. Besides its
chemical structure, decomposition temperature, glass transition temperature and fractional
free volume (FFV) are very important properties to achieve a good membrane structure and
separation performance [29, 49]. Thermosetting polymers are being used due to their favorable
characteristics under carbonization temperatures. Within the wide range of polymers,
polyimides, polyetherimide, phenolic resins, polyacrylonitrile, polyphenylene oxide and

cellulose are some examples of precursors used to produce carbon membranes [25].
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2.3 CMSMs for gas separation

Over the past decades, nhumerous research groups have extensively investigated CMSMs for gas
separation processes, revealing promising results [2, 42, 50, 51]. Among the different types of
precursors mentioned in the previous chapter, polyimides are one of the most developed and
promising precursors due to their high thermal stability, commercial availability and ease of
processing the membrane [51, 52]. Researchers commonly use commercially available
polyimides such as Matrimid, Kapton (Dupont), and P84 co-polymer. Researchers such as Fuertes
et al. [51] and Tin and his colleagues [52] have conducted studies using these type of polyimides

as precursors.

Due to the high production cost associated with polyimides, cellulose polymers are gaining
importance. Cellulose, which is the most abundant organic compound on Earth [53], is
continually replenished by nature, making it an inexpensive and almost limitless resource. In
addition to being biodegradable, it has a significant carbon yield and hydrophilic and
thermosetting properties, making it an excellent precursor to produce CMSMs [2, 42]. The
strong hydrogen bonds between the molecular chains make it difficult to dissolve cellulose in
conventional solvents. Moreover, conventional solvents may be toxic and harmful to the
environment. To overcome this challenge, researchers are focusing on ionic liquids that besides
having excellent dissolution ability, are easy to recycle, exhibit high thermal stability and have

low propensity for crystallization [2].

Rodrigues et al. [2], used an ionic liquid to dissolve cellulose and prepare a cellulose based
CMSM. According to the authors, this was the first study of CMSM produced from a cellulose
precursor processed from ionic-liquids. After coating, the polymeric films were coagulated and
washed in distillated water and then dipped in a bath containing propylene glycol. The
polymeric membrane was subjected to pyrolysis at two different temperatures, 550 °C (CMSM
550) and 600 °C (CMSM 600). The membrane prepared at 550 °C end temperature exhibits a
permeability to O; of 5.16 barrer and 0.16 barrer to N2, and the membrane prepared at 600 °C
showed a permeability to O; of 2.19 barrer and 0.09 barrer to N,. Regarding O,/N; ideal
selectivity, CMSM 550 demonstrated a result of 32.3 and CMSM 600 of 24.3. An experiment was
also performed in the presence of humidity (water vapor) which revealed higher permeability
levels for humidified oxygen and nitrogen in CMSM 550 and CMSM 600, revealing that the
presence of water molecules did not impair the separation. Humidified gas experiments are
crucial as they provide an indication of water permeation. Although carbon membranes are
normally hydrophobic, this team has shown that their membranes permeate water molecules,

which is a very promising result that leaves expectations for the work of this dissertation.

In another study, Araljo et al. [54] prepared carbon membranes using a cellulose precursor

regenerated from a ionic liquid with a 0.1 wt. % of boehmite ceramic nanoparticles. Boehmite
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nanoparticles help to control the shrinkage of the precursor film during carbonization due to
the formation of well-distributed nanowires within the carbon matrix. The results revealed a
decrease in shrinkage in membranes with boehmite. The absence of boehmite resulted in a H;
permeation of 305 barrer and a H2/CH4 permselectivity of 207 in the membranes, whereas the
presence of boehmite increased the H; permeability to 530 barrer and the Hy/CHs4
permselectivity to 473. All gas experiments demonstrated an increase in both permeability and

selectivity, indicating great potential for the utilization of these ceramic nanoparticles.

In 2021, Poto et al. [50] had already come to the conclusion that, due to the hydrophilicity of
boehmite, the water adsorption into the porous carbon matrix increased, improving the water
vapor permeation. In this work, supported CMSMs were prepared from a phenolic resin loaded
with hydrophilic boehmite that was carbonized at 500 °C. The boehmite content was varied
between 0.4 to 1.4 wt. %. The amount of water adsorbed increased with the boehmite content
up to a maximum around 1 wt. %. Furthermore, the alumina content did not show significant
effect on the pore distribution, but the thickness of the carbon layer increased as boehmite
content increased, which was attributed to the rise in viscosity. The permeation test was
conducted at high temperatures (150-250 °C) and among all the membranes, the one with
0.8 wt. % of boehmite content showed the best equilibrium between permeability and perm-

selectivity.

2.4 Water/solvent separation with membrane technology

The state of the art for the vapor phase separation of water and alcohols such as methanol and
ethanol using membrane technology is not very broad. Usually, this separation is done by
pervaporation where basically a liquid stream containing two or more components is feed to

the membrane and on the other side, vacuum or gas purge is applied [26].

In relation to water/alcohol separation using polymeric membranes, Ong and his colleagues
[55] thermally rearranged a polyimide membrane, this technique allowed to obtain a
permeance of 2.37 mol-m2h™-kPa™ and a selectivity of 186. Polyarylether membranes are also
an example of polymeric membranes used for ethanol and methanol dehydration, as evidenced
by Xu et al. [56], who obtained a permeability of 0.322 mg-m™"-h™"-kPa™ for ethanol and
0.171 mg:m"-h""-kPa™" for methanol, while the results for water/ethanol and water/methanol

selectivities were 685 and 89.7, respectively.

Zeolites and silica are one of the most studied types of inorganic membranes. One of these
works was performed by Sommer and Melin [57] that carried out a pervaporation test with
different commercial tubular inorganic membranes. For ethanol and methanol dehydration
tests performed at 70 °C, the ECN silica provided higher water permeance but lower selectivity

than Mitsui zeolite T. Within zeolites, Zhang and Liu [58] produced high quality NaA zeolite
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membranes supported on a porous metal sheet and performed water/ethanol separation,

showing a selectivity greater than 10,000 and a permeation flux of about 4 kg-m2-h™.

Ueno et al. [59] achieve great performance results using a silicalite-1 zeolite membrane on
tubular silica supports. The experiments were performed at a temperature of 50 °C, achieving
a permeation flux of 4.47 kg:-m%h™" and a selectivity of 66. More recently, Peng et al. [60]
prepared silanol-free hollow fiber MFl zeolite membranes for water/ethanol pervaporation and
concluded that at 60 °C, the permeation flux was 2.81 kg-m™2h™" with a selectivity of 32. It was
only more recently that pervaporation works with CMSMs started to appear, showing

comparable or even better results than other types of membranes.

In 2010, Tin et al. [26] carried out a study for the dehydration of ethanol where they used a
supported CMSM by an alumina tube and a polyimide (Matrimid) as precursor. The composite
polymeric membranes were subjected to carbonization at 650 °C. The results obtained showed
a separation factor of 50, a total flux of 4kgm?Zh and a water permeance of
223.22 g¢m™h"-kPa" at a feed temperature of 60 °C. The team also realized that an increase

of the pyrolysis temperature has negatively affected the separation.

Later, Ngamou and his colleagues [14] produced ultrathin and defect free CMSMs supported in
alumina tubes and using a polyimide precursor. The pyrolysis was carried out up to 700 °C. The
group obtained very good results for both hydrogen purification and pervaporation of organic
solvents. At 200 °C, the membranes showed a H, permeance of 1.1 x 10® mol-m?2s”'-Pa™ and
ideal separation factors of 24, 130 and 228 for H,/CO;, H2/N; and H,/CH4, respectively. The
pervaporation was performed, at 70 °C, in a feed containing 90 wt. % of methanol or ethanol
that resulted in a separation factor of 791 and 1,946, respectively, and a water flux of about
0.5 kgm2h™.

A tubular supported CMSM using Novolac oligomer phenolic resin as precursor was produced by
Rahimalimamaghani and his team [61], for ethanol dehydration. The experiment aimed to
investigate how the polymerization time and the pulling speed during the dip coating step
affected the water permeance and selectivity. The most optimal balance between these two
factors was achieved using an alumina support, longer oligomer reaction time, and higher
pulling speed, resulting in a water flux of 1.1kgm?%h', water permeance of
4.65 mol-m2h™-kPa" and a selectivity of 664. Still in this field, in 2022, Yoon and Lively [39]
studied a model for the mechanism of permeation of water and p-xylene in carbon membranes
demonstrating the potential of this type of membranes for the removal of dilute organics in

water.

Table 1 and Table 2 summarize the most significant results of the studies presented above for

possible comparison of the works.
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Table 1. Comparison of pervaporation membranes applied to aqueous ethanol dehydration.

Water
Water
Feed Water ermeance Mole-
concentrat | Pressure Fl P
Membrane Temperature | | ] ux based Ref.
ion in feed | ratio (Pa) (mol-m2h- .
(o) . (gm2h) selectivity
(wt. %) 1.kPa'")
Polymeric
Chitosan
(crosslinked
) 60 10 150 300 0.17 417 [62]
with
glutaraldehyde)
Thermally
rearranged 25 10 100 5,694 3.16 186 [55]
polybenzoxazole
H-PESU
60 15 100 2,474 1.37 685 [56]
(polyarylether)
Inorganic
ECN silica 70 10 1,400 2,330 1.31 60 [57]
Mitsui zeolite X 70 10 700 910 0.51 1,000 [57]
NaA zeolite
(metal sheet 75 10 1,333 3,960 2.23 >10,000 [58]
support)
Silicalite-1 Not
. 50 10 ) 4,470 66 [59]
(silica support) available
W-MFI zeolite
) 60 5 200 2,810 1.56 32 [60]
(hollow fiber)
CMSM
CMSM-650
(tubular a-
) 60 50 500 3,907 2.18 50 [26]
alumina
support)
Carbon, tubular 70 10 1,000 542 0.30 1,946 [14]
AlN1oM1o 70 10 400 1,196 4.65 664 [61]
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Table 2. Comparison of pervaporation membranes applied to aqueous methanol dehydration.

Water
Water
Feed Test Water Mole-
concentrat Fl permeance
Membrane Temperature | pressure ux based Ref.
ion in feed (mol-m2h- .
(o) (Pa) (g'm2h) selectivity
(wt. %) 1.kPa"")
Polymeric
Chitosan
(crosslinked
) 60 10 150 301 0.17 68 [62]
with
glutaraldehyde)
H-PESU

60 15 100 1,314 0.72 89.7 [56]

(polyarylether)

Inorganic
ECN silica 70 10 1,400 1,870 1.05 10 [57]
Mitsui zeolite X 70 10 700 270 0.15 100 [57]
CMSM

Carbon tubular 70 10 10 529 0.30 791 [14]

In April 2023, Poto et al. [63] reported for the first time vapor/gas separation experiments
through CMSMs. The permeation experiments were carried out at a temperature of 150-250 °C
and they obtained a permeance of 1.15 mol-m?2-h™-kPa™' with a water/methanol selectivity of
4.3 at 200 °C.

The objective of this dissertation is to use unsupported cellulose based CMSMs to separate water
and methanol through gas separation instead of pervaporation. Since the stream from the
Capwatt’s methanol reactor is at a temperature of 200°C, both components are in a gaseous
state, making it advantageous for the company to separate them without the need to cool the
process. This approach has not been explored before, highlighting the great significance of this

work.
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3 Materials and Methods

In this chapter are presented the materials and the process used to produce the CMSM. Several
membrane characterization tests were performed to understand the chemical and physical
structure of the CMSM, followed by permeation and separation tests. These are also described

in this chapter.

3.1 Materials

The polymer used was raw cellulose provided by Innovia Films Ltd and consisting of wood pulp
with a degree of polymerization of 450. The ionic liquid, 1-ethyl-3-methylimidazolium acetate
(Emimac) (= 95 %), purchased from loLiTec, was used to dissolve cellulose. Dimethyl sulfoxide
(DMSO) was purchased from Fisher Scientific. For the samples with boehmite, AlO(OH), a
dispersion of boehmite nanoparticles (10%) was used, with particle size 8-20 nm named
Alumisol and provided by Kawaken Fine Chemicals Co. Ltd. Air Liquide supplied the various
gases needed for the work, namely hydrogen (99.999 %), carbon dioxide (99.998 %), nitrogen
(99.999 %) and oxygen (99.995 %). The 70 vol. % ethanol solution was provided from Valente e
Ribeiro. LDA and Sigma-Aldrich supplied methanol (99.8 %).

3.2 Preparation of cellulose precursor membranes

The composite polymeric precursor solution was prepared by dissolving cellulose (9.2 wt. %) in
a solution of DMSO and Emimac 70:30 wt. % ratio, respectively, and adding the boehmite
dispersion into the mixture. Four different solutions were prepared: one without boehmite and
the others containing 0.55, 1.10 and 2.15wt. % of boehmite in relation to cellulose. The
solution was heated at 90 °C under magnetic stirring until the cellulose was completely
dissolved, that is about 2 h. After the dissolution, the solution needs to settle for 2 h to remove

any trapped air bubbles. The resultant solution exhibits a brownish color and a viscous rheology.

The polymeric films were prepared in rectangular glass plates in a spin coater (POLOS™,
SPIN150i) at a spinning speed of 1,000 rpm with an acceleration of 1,000 rpm-s™ for 10s. After
coating the films were immediately coagulated in distilled water at room temperature and
washed with distilled water for 1 hour to remove the excess of ionic liquid. The films were

dried overnight under ambient conditions.

3.3 Preparation of cellulose based CMSMs

Before the carbonization step, the dried precursor films were cut into disks with 58 mm

diameter and placed in a horizontal stainless-steel grid. The carbonization took place in a
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quartz tube (80 mm in diameter and 1.5 m in length) inside a tubular Termolab TH furnace. To
guarantee that the temperature is constant along the quartz tube, the furnace has three
separating heating elements controlled by three PID control heating parameters. Different
purge gases were utilized to test the influence of the atmosphere during the carbonization
step. Carbon dioxide and nitrogen were used in a continuous flow rate of 170 mL-min™', and
nitrogen was used with 5 vol. % of hydrogen. The heating rate was 0.5 °C-min”, following the
temperature history described in Figure A.1 (see Appendix A). The several 30 minutes steps
are necessary to avoid a quick release of residual solvents/volatile matter that could damage
the carbon matrix, causing cracks or defects. After the end temperature (550 °C) was reached,
the system was allowed to cool down until room temperature so that the membranes could be

removed.

Table 3 describes the reference name of the different membranes as well as the various

experimental conditions used in their preparation.

Table 3. Preparation conditions of the different CMSMs.

s wt. % of boehmite Carbonization
(menlbeic) | atmosphere

CMSM O - Cco,
CMSM 0.55 0.55 Cco,
CMSM 1.10 1.10 Cco,
CMSM 2.15 2.15 Cco,
CMSM CO, 1.10 Cco,
CMSM N, 1.10 N,

CMSM N,+H, 1.10 N,+ 5vol. % H,

3.4 CMSM characterization

3.4.1 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

SEM produces micrographs of a sample by projecting and scanning a focused beam of electrons
that interact with the sample, creating several signals that can be used to obtain information
about the surface’s structure and chemical composition by Energy Dispersive Spectroscopy, EDS
[64]. The morphology features of the materials were evaluated by SEM, using a Hitachi TM4000
plus (Hitachi, Tokyo Japan) equipment. The samples were placed on a carbon tape and the
microscope was operated using an applied voltage of 15 kV and a Backscattered Electron (BSE)

detector. Additionally, the compositional mapping data was obtained by EDS.
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3.4.2 Thermogravimetric Analysis (TGA)

TGA is used to determine the material’s thermal stability and its fraction of volatile components
measuring the mass of sample over time as the temperature changes. In this work, TGA tests
were performed using a thermogravimetric balance (NETZSCH STA 449 F3 Jupiter) under
30 mL-min™" continuous nitrogen flow, with a heating ramp from room temperature until 950 °C
and a heating rate of 10 °C-min™'. The goal was to understand how the polymeric film behaves
during carbonization and to determine the corresponding mass loss. It was also possible to
confirm the boehmite content of the membrane performing TGA under 30 mL-min™" constant

air flow from room temperature until 950 °C, with the same heating rate.

3.4.3 Fourier Transform Infrared Spectroscopy with Attenuated Total Reflection (FTIR-
ATR)

Fourier transform infrared spectroscopy is an analytical technique used for characterizing the
chemical structure (functional groups) of the sample. FTIR identifies chemical bonds and their
characteristic vibrations by measuring the absorption of infrared radiation at different
wavelengths. The wavelengths absorbed by the sample are characteristics of its molecular
structure and can be identified by analysis of the resulting absorption bands [65]. ATR is based
on total internal reflection where infrared light passes through the ATR crystal and interacts

with the sample only at the point where the infrared light is reflected.

FTIR tests were performed using a VERTEX 70 FTIR spectrometer (BRUKER) in transmittance
mode with a high sensitivity DLaTGS detector at room temperature. The samples were
measured in ATR mode, with a A225/Q PLATINUM ATR Diamond crystal with single reflection
accessory. The spectra were recorded from 4,000 to 500 cm™ with a resolution of 4 cm™. In this
work, FTIR technique was used to understand the effect of carbonization and if the addition of

boehmite altered the chemical structure.
3.4.4 X-Ray Diffraction analysis (XRD)

XRD analysis is a technique where a collimated incident beam of X-rays interacts with the
electron clouds in the atoms of the sample and is diffracted at different angles originating a
diffraction pattern. This technique provides valuable information about the crystallographic
structure, chemical composition and physical properties of a material [64]. The structural
characterization of the CMSMs was performed using a Rigaku SmartLabSe diffractometer (Cu Ka
radiation - 1.5406 A, 40 kV, 30 mA). The XRD patterns were collected in the range 7°< 26 <
60°.

3.4.5 Raman spectroscopy

The principle of Raman spectroscopy lies on the inelastic scattering of photons from a laser in

the sample, resulting in photons with altered energies compared to the incident light. In
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contrast to FTIR, which measures the remaining light from the original light source, Raman
spectroscopy measures the energy that scatters after being excited [65]. This technique was
utilized to analyze the crystallinity of the samples and how boehmite influences the disorder
of the structure. The Raman spectra of the CMSMs were obtained using a WITEc alpha300 R

Confocal Raman with an excitation wavelength of 532 nm.
3.4.6 Water contact angle measurements

Water contact angle measurement is a qualitative way to evaluate whether the surface has a
hydrophobic or hydrophilic characteristic. The angle between the face of the solid surface and
the tangent line to the contacting edge of the droplet is measured [66]. It was used a
DATAPHYSICS goniometer, model OCA 15 with the SCA20 computer application, using the sessile
drop method. During the test, the syringe deposits a drop of ultrapure water on the surface of
the carbon membrane with a stipulated volume of 4 uL. Then the camera captures the drop
and with the help of the computer application, the contact angle was determined. The angle
was calculated from the tangent to the drop profile at one-second intervals over a duration of

two minutes.

3.5 Gas permeation test

Prior to the single gas permeation tests, the carbon membrane was glued with epoxy glue
(Araldite® rapid) to a circular stainless-steel disc, with a 10 mm diameter hole in the center,
to prevent them from breaking when assembled into the permeation cell. The glue was also
applied along the interface of the stainless-steel support/CMSM and then allowed to dry for

2 h. Finally, it was covered with filter paper.

Single gas permeation tests were performed inside a thermostatic cabinet, as its possible to
see in Figure A.2 and Figure A.3 (see Appendix A). The temperature was maintained at 25 °C
with a feed pressure of 1 bar and the permeate pressure was about 0.02 bar. The membrane
cell was connected to two separated tanks, one to the permeate side and the other to the feed
side. On batch experiments with dry feed gas, the feed tank was filled before feeding the cell,
while continuous experiments with humidified feed gas were performed by passing a portion of
the gas stream through a distilled water bubbler to reach 80-90 % of relative humidity.
Permeation of Hy, CO; and O, was conducted for 1 h while permeation of N, and humidified N,
was carried out overnight. A digital high-accuracy micrometer from Mitutoyo MDH-25M was used
to determine the CMSM and precursor film thickness. The permeability, P, of the species was

determined accordingly to Equation 6 and was computed from the experimental data as follows:

6 Vperm tank VmAPperm

P =
RTt Acell (pfeed - pperm)

)
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where Vyerm tank is the volume of the permeate tank, V;, is the molar volume of the gas at
normal conditions, R is the gas constant, T is the absolute temperature, t is the time, A the
working area of the flat carbon membrane and AP,.,,, is the permeate pressure increment for

the time t. Selectivity was determined with Equation 7.

3.6 Water/solvent separation tests

Prior to the water/solvent separation tests, the carbon membrane was once again glued to a
circular stainless-steel disc, with a 10 mm diameter hole in the center, but this time a high-
temperature resistant J-B Weld™ glue was used, that can withstand temperatures up to 280 °C.
The glue was also applied along the interface of the stainless-steel support/CMSM and then
allowed to dry overnight. Before introducing the carbon membrane into the module, it was

protected with filter paper.

The installation that was constructed for the initial water/solvent separation tests is presented
in Figure A.4 (see Appendix A) and in Figure A.5 (see Appendix A) are showed some laboratory
photographs. Firstly, the HPLC pump feeds the mixture to the membrane module that is inside
an oven, where a heat exchanger heats the feed solution to the desired temperature for the
respective test. While permeation is taking place, the retentate stream passes through a
condenser and is recycled. The permeate stream was kept at a pressure of 20 mbar by means
of a vacuum pump and collected in a cold trap, cooled with liquid nitrogen. To calculate the
permeability, P, the liquid collected in the trap was weighed, being possible to use Equation
10,

Mpermeate !

P =
MAtAp

(10)

where Mpermeate s the permeate collected mass, M corresponds to the water molar mass, A to
the membrane working area, t to the experiment time and Ap to the pressure difference between

the feed and the permeate side.

Later, a second approach to the installation was assembled, as is presented in Figure 3.1. The
laboratory set up can be seen in Figure A.6 (see Appendix A). In this case, a sweep gas
(nitrogen) is connected to the permeate stream, lowering the water vapor partial pressure,
creating the necessary driving force for the separation process. The carrier gas has also the
function of carrying the permeate stream to a gas chromatograph (GC) to determine which
components are present in the permeate stream. The GC used was a 2010 Plus from Shimadzu,
equipped with a barrier ionization detector and a Pora-Plot Q (Agilent) column; Nz, from the
sweep gas, was used as the carrier gas. GC runs were initiated 15 min after starting the

experiments and subsequently performed every 10 min.
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Figure 3.1. Experimental setup for water/solvent separation tests.

Since the GC only measures the components that permeated the membrane, but does not
provide quantitative permeation values, the permeate stream was connected to a humidity
sensor before reaching the GC, that reported the dew point temperature of the stream. With
the dew point temperature it is possible to obtain the vapor pressure of the permeate and with

the Antoine equation, the permeance by the method created by Metz et al. [67].

Those authors deduced the Equation 11 (see Appendix A) to calculate de permeance, P/l, where
L is the thickness of the membrane, @, is the flow rate of the sweep gas, py,0,feea AN Di, 0 perm
are the water vapor pressure of the feed and permeate side of the membrane, respectively,
P:ot is the total pressure at the permeate side of the membrane and finally, Acis the membrane

working area.

CDV In ( pHZ O,feed )
B _ PH,0,feed — PH,0,perm (11)
[ Ptot Acell

Equation 12 describes the Antoine equation, where the vapor pressure of the streams, py, o, is
given in bar and Tsew is the dew temperature (°C) of the respective stream. The water specific
constants [68] used are given in Table A.1 (see Appendix A).

B

- 12
Tgew + C (12)

l0.910(PH20) =A

For the separation tests it was used the CMSM with 1.10 wt. % of boehmite, carbonized in a CO;
atmosphere. Firstly, direct injections of 1 ppm of ethanol and methanol were conducted into
the GC to observe their respective retention times. This allowed for differentiation of these
components when mixtures of water and organic solvents were introduced. Subsequently, tests
were performed, for 30 min of 50/50 vol. % methanol-water mixtures at 120 °C and 200 °C, and

being of interest to the companies, a 70/30 vol. % ethanol-water test was performed at 120 °C.

Materials and Methods 22



Purification of green fuels by innovative membrane separation processes

4 Results and Discussion

As stated in the previous chapter, CMSMs were prepared from cellulose precursors without
boehmite and with 0.55, 1.10 and 2.15 wt. % of boehmite content in relation to cellulose, and
they were carbonized in a CO; atmosphere. To study the influence of the carbonization
atmosphere, CMSMs with 1.10wt. % of boehmite were also prepared in carbonization

atmospheres of N2 and N; with 5 vol. % of Ha.

The results of the different tests are structured in three subchapters. Firstly, are presented the
results of the characterization tests conducted on the various samples. Following that, the
permeation test results are discussed and lastly, the water/solvent separation tests performed

are described, as well as the respective results obtained.

4.1 Characterization tests

4.1.1 Preparation of CMSM

During the carbonization, the volatile compounds are released, the cellulose matrix
decomposed, and a pore network is formed. Figure 4.1 shows the polymer film and the

corresponding carbon membrane after carbonization.

Figure 4.1. Cellulose membrane with boehmite nanoparticles (A) before and (B) after carbonization.

The diameter and thickness of the precursor and corresponding CMSM were measured to
estimate the shrinkage of the polymer during carbonization. The results are shown in Table 4.
The diameters of the seven different CMSM are very similar (between 40 and 41 nm), so the
differences in diameter shrinkage are not significant. Concerning the thickness, the membranes
produced with 0.55and 1.10 wt. % of boehmite in a CO, atmosphere are the samples that

exhibit lower shrinkage.
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Table 4. Dimensions of the cellulose membrane before and after carbonization.

Diameter (mm) Thickness (pm)
CMSM
Precursor CMSM SR (%) Precursor CMSM SR (%)

CMSM 0 58.0 40.0 31.0 45.5 27.9 38.7
CMSM 0.55 58.0 41.0 29.3 42.7 28.1 34.0
CMSM 1.10 58.0 40.5 30.2 40.9 26.9 34.3
CMSM 2.15 58.0 41.0 29.3 50.5 27.1 46.1
CMSM CO, 58.0 40.5 30.2 40.9 26.9 34.3
CMSM N; 58.0 40.0 31.0 40.8 20.9 48.8
CMSM N2+H; 58.0 40.0 31.0 42.1 27.0 35.9

4.1.2 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

The surface and cross-section morphology of polymer precursor samples and the respective
carbon membrane were analyzed by SEM, as is presented in Figure 4.2 and Figure 4.3. It was
also performed EDS to the CMSMs to determine the mass percentage of each component (Table
5). The data presented in Figure 4.2 and Figure 4.3 clearly demonstrates that the surface of

the samples is free from defects.

With an increase in boehmite content, the presence of boehmite nanoparticles becomes more
prominent in both the normal plan and cross-section of the precursor and respective carbon
membranes. In the cross-section images, it is possible to observe that there are no
nanoparticles agglomerates meaning that the boehmite is well distributed. When examining the
cross-section of the polymeric precursor films, it is observed that in the absence of boehmite,
the structure appears denser. However, upon the addition of boehmite, the structure becomes
more asymmetric. During the carbonization process, it appears that the pores collapse,
resulting in a denser structure. Observing the mass fractions of the components, in Table 5,
the increase in the amount of boehmite is demonstrated by the decrease of the C/0 and C/Al

ratios, since boehmite is an aluminum oxide hydroxide.

Regarding the carbonization atmospheres shown in Figure 4.3, it is possible to observe that the
normal profile of the carbon membranes produced with 1.10 wt. % of boehmite and a
carbonization atmosphere of nitrogen with 5vol. % of hydrogen (Figure 4.3C) demonstrates
more boehmite nanoparticles and, on other hand, with inert atmosphere, the nanoparticles are
not so noticeable. This observation aligns with the results obtained through the EDS technique,
where the reductive atmosphere resulted in a lower C/Al ratio, while the inert atmosphere

yielded a higher ratio.
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Figure 4.2. SEM images of the precursor film (A1) without boehmite and a boehmite content of (B1)

0.55 wt. %, (C1) 1.10 wt. %, (D1) 2.15 wt. % in normal plan (left) and cross section (right); SEM images
of (A2) CMSM 0, (B2) CMSM 0.55, (C2) CMSM 1.10 and (D2) CMSM 2.15.

Figure 4.3. SEM images of (A) CMSM CO,, (B) CMSM N, and (C) CMSM N;+H,.

Table 5. Mass percentage of the membrane composition given by EDS technique

Mass C (%) Mass O (%) Mass Al (%) c/o C/Al
Polymeric film, 0 wt% boehmite 48.66 51.34 0.95
CMSM 0 92.48 7.52 12.30

CMSM 0.55 91.22 7.99 0.80 11.42 114.03

CMSM 1.10 89.90 8.28 1.82 10.86 49.40

% CMSM 2.15 86.04 11.13 2.83 7.73 30.40

CMSM CO; 89.90 8.28 1.82 10.86 49.40

CMSM N, 90.79 7.51 1.70 12.09 53.41

CMSM Na+H; 89.07 8.72 2.21 10.21 40.30

Results and Discussion
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4.1.3 Thermogravimetric Analyses (TGA)

Thermogravimetric analysis was performed to evalute the thermal stability and decomposition
kinetics of the cellulose precursor with boehmite nanoparticles. The mass loss curve of the
polymeric films and the carbon membranes, subjected to a temperature of 550 °C and 950 °C,
respectively, is represented in Figure 4.4. On the other hand, Table 6 provides a summary of

the significant findings extracted from the TG curves.

Until 150 °C (Figure 4.4A) all the water that was inside the polymeric film evaporates
originating a decrease in mass up to this temperature. Between 200 °C and 380 °C there is a
marked drop in the mass of the sample, which is due to the decomposition of the polymer, and
the pore network begins to form and organize from this temperature on, along with further
cellulose degradation. The derivative of TGA of precursor films, plotted in Figure A.8 (see
Appendix A), allowed to find out the temperature of maximum degradation. The addition of
boehmite caused the polymer degradation to take place at a slightly higher temperature,

proving that the inorganic load introduces stability to the membrane structure .

Focusing on the TGA experiments performed under oxygen flow until 950 °C, Figure 4.4B, there
is a sligh increase in the mass (@ 300 °C) of the samples due to the formation of oxygenated
groups that are then released. The gasification of the carbon membrane starts around 390 °C,
and in the end, only the boehmite particles remain (inorganic matter). As expected, the final

mass increases with the increase in the amount of boehmite in the membrane.
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Figure 4.4. TGA of the (A) polymeric precursor and (B) the carbon membranes.
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Table 6. Summary of the information obtained from TGA.

0B 0.55B 1.10B 2.15B
Film mass loss at 150 °C (%) 11.1 13.9 11.2 13.1
Maximum degradation T (°C) 332.7 340.1 338.0 339.5
CMSM mass loss at 950 °C (%) 100.0 98.3 94.8 92.9

4.1.4 Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structure of the polymeric films and the respective carbon membranes was
examined through FTIR. Figure 4.5 shows FTIR spectra of the precursor films and derived
carbon membranes with different boehmite content. The bands assigned to the spectra

displayed are summarized in Table A.2 (see Appendix A).

: : CMSMO CMSM0.55
A Film 0 Film 0.55 B M0 —CMSM2.15
—Film 1.10 —Film 2.15 ——CMSMN, — CMSMN,+H,

W"\/\

i
Wﬂ\f\%
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Wavenumber (cm™) Wavenumber (cm™)

Figure 4.5. FTIR spectra of (A) the precursor films and (B) respective CMSMs.

The precursor spectra show a wide band at 3,350 cm™ which is assigned to the O-H stretching
in hydroxyl and carboxyl groups [69]. The aliphatic structures are deduced from the band
2,898 cm™, that corresponds to the stretching vibration of aliphatic C-H [69]. The band seen at
1,643 cm™ appears in the region of the stretching vibrations of C=C and C=N and the
deformation of the NH bond. CH, bending vibrations can be seen at 1,317 cm™; 1,159 cm
correspond to C-O-C stretching vibrations and 1,012 cm™ to C-O stretching vibrations [70].

Finally, it is possible to find glycosidic linkages between glucose at 894 cm™ [69].

After the carbonization, the band corresponding to O-H stretching, at 3,623 cm™, is less
demarcated due to polymer decomposition [69]. In the carbon membrane is possible to
identify =C-H stretching at 3,024 cm™; the aliphatic structures are deduced from 3,033 cm™.
After pyrolysis the band corresponding to N=C stretching is detected, at 2,123 cm™. At
2,001 cm™, the substituted benzene rings are identified [70] and at 1,643 and 1,573 cm™ appear

once again the bands recognized as the stretching vibrations of C=C and C=N and the
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deformation of the NH bond. At 1,837 cm™ the C=0 stretching vibrations are observed, CH,
bending vibrations are detected at 1,317 cm™ and at 1,143 cm™ is possible to observe C-0-C
stretching vibrations [70]. Lastly, the 862 cm™” and 788 cm™ are assigned to aromatic C-H

bending vibrations.

By comparing the spectra with no boehmite and with different quantities of boehmite, on both
the polymeric film samples and the respective membranes, the OH band decreases as the
boehmite content increases. The same happens in the intensity of the band characteristic of
substituted benzene rings, at 2,001 cm™, and the N=C stretching vibration are also less intense.
When comparing the carbon membranes carbonized under different atmospheres, C-O-C
stretching vibrations, at 1,143 cm™ are slightly more intense when carbonizing with a CO;

atmosphere.
4.1.5 X-Ray Diffraction analysis XRD

The interlayer distance (d-spacing) of the carbon membranes was evaluated by XRD. Figure 4.6
shows the XRD spectra for the CMSMs and Table 7 summarizes the d-spacing values, that were
calculated using Bragg’s equation:

_ ni
" 2sind

(14)

Where n is the diffraction order, 1 is the X- ray wavelength, and 6 is the angle between the

incident ray and the diffracting planes (Bragg angle).
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Figure 4.6. XRD analysis of the CMSMs produced with (A) different quantities of boehmite and (B)

carbonized under different atmospheres.
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Table 7. d-spacing values obtained with XRD analysis.

CMSM Plane 29(°) d-spacing (nm)

CMSM 0 (002) 23.87 0.372
CMSM 0.55 (002) 23.87 0.372
CMSM 1.10 (002) 23.34 0.381
CMSM 2.15 (002) 22.31 0.398
CMSM CO, (002) 23.34 0.381
CMSM N (002) 23.14 0.384
CMSM N2+H; (002) 23.26 0.382

In Figure 4.6, it is possible to define the plane (002), characteristic of the graphitic domains
(sp? carbon). The boehmite peak, corresponding to the plane (200) should appear in the 26
value in the range of 45-50°, however in this case the peaks are imperceptible. This can be
because the carbon matrix is mainly non-crystalline forming a board peak. Additionally, the low
boehmite content and well-dispersed nanoparticles further contribute to the limited sensitivity

of the equipment, making it unable to detect these specific planes.

The distinction between the peaks of the different samples is not easily discernible in Figure
4.6. However, upon examining the d-spacing values associated with the (002) plane, it becomes
apparent that there is a tendency for an increase as the boehmite content rises. It is important
to notice that these results are not a measurement of the pore size of the CMSMs, however,
the increase in d-spacing implies that the volume of the pores expands, indicating a
corresponding increase in the permeability of the membranes. Regarding the carbonization

atmospheres, the d-spacing values are very close to each other.
4.1.6 Raman spectroscopy

To understand how the carbon layers are distributed in the CMSM structure it was conducted a
Raman spectroscopy test to each sample of carbon membrane. In Figure 4.7 are presented the
Raman spectra for the samples with different boehmite content and with different
carbonization atmospheres. The peaks were deconvoluted into two Gaussian peaks using the
ORIGIN software. The first peak, around 1,390 cm™, is recognized as the disorder band (D band)
caused by structural defects and vibrational processes in the carbon lattice that break the
symmetry. The second peak, around 1,590 cm™, is called the G band characteristic of the in
plane stretching motion between sp? carbon atoms, representing the planar configuration sp?

bounded carbon that constitutes graphene [71].

The ratio between the area of the two peaks is given in Table 8. Comparing the samples with

different boehmite contents, carbonized in a CO; atmosphere, it is observed that the CMSM
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1.10 exhibits the highest value of Ap/Ac. This reveals that the disorder of the carbon lattice
increases up to this boehmite percentage. As the disorder increases, the free volume increases
resulting in the formation of more micropores, that are responsible for higher permeabilities.
In Figure A.9 (see Appendix A) is possible to observe the difference of the carbon membrane

surface in a sample with and without boehmite.
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Figure 4.7. Raman spectra of the CMSMs produced with(A) different quantities of boehmite and (B)

carbonized at different atmospheres.

When comparing the films with this same amount of boehmite but carbonized under different
atmospheres, (Figure 4.7B), it can be concluded that a CO, atmosphere also increases the
disorder of the carbon lattice. This finding is further demonstrated in the chapter dedicated to

permeability tests.

Table 8. AD/AG values obtained by Raman technique.

CMSM CMSM O | CMSM 0.55 | CMSM 1.10 | CMSM 2.15 | CMSM CO: CMSM N2 | CMSM N2 + H,

A /A, 1.608 1.811 3.853 3.213 3.853 2.158 2.638

4.1.7 Water contact angle

Water contact angle measurements were made to determine the hydrophilicity of the produced
carbon membranes. Figure 4.8 presents the average water contact angle that was measured
for the membranes with different boehmite content and carbonized under different

atmospheres.

Looking at the results, all the carbon membranes present a water contact angle lower than
90 °, which means that the CMSM produced with cellulose as precursor are hydrophilic. The

water contact angle progressively decreases as the boehmite content increases up to

Results and Discussion 30



Purification of green fuels by innovative membrane separation processes

1.10 wt. %. The optimum result of 61.2 ° is achieved with this concentration of boehmite. This
indicates that boehmite enhances the hydrophilicity of the membranes that were produced for
this work, but only up to a certain threshold below 2.15 wt. %. Regarding the carbonization
atmosphere, an oxidative atmosphere showed to be favorable to the absorption of water and
using an inert atmosphere the carbon membrane was shown to be less hydrophilic, which is
attributed to the higher carbon content in its chemical structure, as seen previously with the

EDS technique.
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Contact angle (°C)
Contact angle (°C)

Figure 4.8. Water contact angle measurements of the CMSMs produced with (A) different quantities of

boehmite and (B) carbonized under different atmospheres.

4.2 Permeation tests

The permeation tests of the several carbon membranes produced were carried out at 1 bar feed
pressure and 25 °C, with gases of varying kinetic diameters, including hydrogen (0.289 nm),
carbon dioxide (0.330 nm), oxygen (0.346 nm), and nitrogen (0.364 nm). In addition, the
membrane’s performance was evaluated when exposed to humidified nitrogen. The results can

be separated in relation to boehmite content and carbonization atmosphere.
4.2.1 Boehmite content

Figure 4.9 represents both the results of single gas permeation as a function of the
correspondent kinetic diameter and the selectivity of the membranes with different boehmite
content and carbonized in a CO; atmosphere. It is important to mention that the membrane
with 2.15 wt. % of boehmite content was not tested because it was not possible to glue it to

the stainless-steel disc due to its fragility, and it broke on every attempt.
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Figure 4.9. (A) Single gas permeabilities and (B) ideal selectivities of the CMSMs produced with

different quantities of boehmite.

For every sample tested, the permeability of the membranes decreases as the kinetic diameter
increases (Figure 4.9A), meaning that the molecular sieving mechanism is predominant in these
membranes. By adding 0.55 wt. % of boehmite, the difference in permeability values is not very
significant, but with 1.10 wt. % boehmite the permeability increased for all gases except for
nitrogen. Focusing on Figure 4.9B, the selectivity of every pair of gases increased with
boehmite content, specially the Hz/N; selectivity that increased from 43 without boehmite to
107 with 1.10 wt. % of boehmite. As both permeability and selectivity have increased suggests
that the boehmite increased the volume of the micropores without impacting the
ultramicroporous structure. The permeabilities and ideal selectivity results for each membrane

tested are described in Table A.3 and Table A.4 (see Appendix A).

Table 9 shows the Robeson index for the Hz/Nz, 02/Nz, H,/CO; and CO,;/N; separations,
calculated with Equation 8, and Figure 4.10 the Robeson plots for the respective separations.
Overall, H2/N; and O2/N; separation have shown the best results, being almost always above
the Robeson upper bound. The Robeson index increases with the addition of boehmite, meaning
that the boehmite nanoparticles enhance the performance of the CMSMs. These results are in

line with the conclusions of the study by Poto et al. [50] and Araujo et al. [54].

Table 9. Robeson index of the CMSMs produced with different quantities of boehmite.

Robeson Index
H2/N; 02/N; H2/CO; CO2/N;
CMSM 0 0.78 0.91 0.45 0.41
CMSM 0.55 1.51 1.41 0.70 0.46
CMSM 1.10 3.33 6.13 1.06 0.68
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Figure 4.10. Robeson plots for the CMSMs produced with different quantities of boehmite for (A)

H,/N,, (B) O,/N,, (C) H,/CO, and (D) CO,/N, separations.

In conclusion, regarding the boehmite content, the best membrane performance was achieved

by the CMSM produced with 1.10 wt. % of boehmite, having the best results of both permeability

and selectivity, as predicted by characterization tests such as Raman and XRD, which already

showed an indication of better performance for this membrane. The permeability and

selectivity in function of the d-spacing and the ratio of the area of the D and G peaks can be

seen in Figure 4.11.
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Figure 4.11. Permeability and selectivity in function of (A) the d-spacing and (B) AD/AG.
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4.2.2 Carbonization atmosphere

The results of permeability and selectivity of the polymeric film with 1.10 wt. % of boehmite
carbonized under different atmospheres are presented in Figure 4.12. Once again, it has been
demonstrated that molecular sieving occurs in membranes of this type regardless of the type
of atmosphere during the pyrolysis step, since the permeability decreases with increasing
kinetic diameter. It is evident that an inert atmosphere yields the lowest permeability values
while the addition of hydrogen to the nitrogen stream enhances permeability, making it more
competitive to results obtained in an oxidizing atmosphere. In contrast, the selectivity of the
CMSM produced in a reducing atmosphere was compromised (Figure 4.12B). Overall, the CO;
atmosphere had the best results, both in permeability and selectivity. The permeabilities and

ideal selectivity results for each membrane tested are described in Table A.3 and Table A.4

(see Appendix A).
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Figure 4.12. (A) Single gas permeabilities and (B) ideal selectivities of the CMSMs produced with

different carbonization atmospheres.

Table 10 shows the Robeson index for the H;/N;, 02/Nz, H2/CO; and CO2/N; separations,
calculated with Equation 8 and Figure 4.13 the Robeson plots for the respective separations.
Overall, H2/N; and 0O;/N; separation have shown the best results for each carbonization

atmosphere, being almost always above the Robeson upper bound.

Table 10. Robeson index of the CMSMs produced with different carbonization atmospheres.

Robeson Index
H2/N; 02/N; H2/CO; CO2/N;
CMSM CO, 3.33 6.13 0.45 0.41
CMSM N, 1.58 2.12 0.56 0.63
CMSM N2+H; 0.86 1.12 0.74 0.27
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Figure 4.13. Robeson plots for the CMSMs produced with different carbonization atmospheres for (A)
H,/N,, (B) O,/N,, (C) H,/CO, and (D) CO,/N, separations.
The trade-off between permeability and selectivity and better results for the CO, atmosphere
can also be observed by relating the results of the permeation tests to the raman results, as

shown in Figure 4.14.
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Figure 4.14. Permeability and selectivity in function of the Ap/Ag.
4.2.3 Humidified gas permeation experiments

In Table 11 are presented the permeability values for humidified nitrogen compared to the
permeability values for non-humidified nitrogen. In general, the permeability increased when

the gas was humidified, meaning that the membranes produced with cellulose as precursor can
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permeate water vapor molecules, as was reported by Rodrigues et al. [2]. Furthermore, the
presence of boehmite nanoparticles favors the permeation of water molecules, since the
permeability to nitrogen remains nearly constant across all CMSMs, while the permeability to
humidified nitrogen increases. Regarding the carbonization atmospheres, although
permeability is higher using an atmosphere containing nitrogen and hydrogen, the ratio
between the humidified and non-humidified gas is lower. On the other hand, when an oxidizing

atmosphere was used, the increase in permeability is much higher.

Table 11. Humidified gas permeability of the CMSMs produced with different quantities of boehmite

and different carbonization atmospheres.

Permeability (barrer)
CMSM
N2 N2 hum N2 hum/N;

CMSM 0 6 18 3
CMSM 0.55 5 23 5
CMSM 1.10 5 35 7
CMSM CO, 5 35 7
CMSM N, 3 7 2
CMSM N2+H; 16 25 2

These results serve as a strong indication of the permeation capacity of water molecules
through the membranes that were produced, particularly the CMSM created using 1.10 wt. % of
boehmite and carbonized in a CO; atmosphere. This conclusion corroborates the previous
results observed in the contact angle measurements. This agrees with the lowest C/0 ratio
determined by EDS and the lowest water contact angle, which is the most hydrophilic

membrane.

4.3 Water/solvent separation tests

4.3.1 Gas chromatography and permeation results

Following the previous results for the single gas permeation tests, the membrane with
1.10 wt. % of boehmite, carbonized with a CO; atmosphere, was chosen for the water/solvent

separation tests.

The first attempt to carry out this type of tests was performed with the installation of Figure
A.4 (see Appendix A). The initial plan consisted in measuring the permeability of the
membranes by determining the mass of permeate retained in the trap. The trials ran for 6 h,

yet regardless of multiple attempts no permeate could be found in the trap. A study was then
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performed to understand the reason of these results and the conclusion was that the area of
the produced membranes was too small to reach any measurable content in the trap at the end
of a reasonable test time. In comparison to the study carried out by Poto et al. [63], which
utilized a similar installation and the same method to calculate the permeability, the area of
their membranes was 150 times larger than the area of the CMSMs used in this dissertation
work. Poto et al. [63] used carbon membranes, supported by a tubular alumina tube with a
working area of approximately 30 cm?, allowing them to collect the permeate after 40 min. In
contrast, to achieve the same amount of permeate using the membranes of this dissertation it

would be necessary to run the trial for 4 days.

To overcome this problem, a new approach was taken to the installation (Figure 3.1). The
chromatogram of the direct injections of 1 ppm methanol and ethanol is illustrated in Figure
4.15. The first peak, at 2 min, corresponds to the set of all permanent gases present; at
2.4 min, the specific CO, peak appears and the last two peaks, at 8 and 8.3 min, are related to
02 and N;. The small peak observed at 4.8 min is associated with humidity, appearing by default
in all tests, even when only grid gas is injected. However, it is an important result as it provides
an indication where the water peak could come out. Both methanol and ethanol peaks are

observed at 4.3 min, having the same retention time.
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—— Methanol, 1ppm

Conductivity (pV)

S |
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Figure 4.15. Chromatogram of the direct injections of methanol and ethanol.

The chromatograms of the separation of the water and methanol mixture with 50 vol. % of
water, at 120 and 200 °C, are shown in Figure 4.16. The first peak is characteristic of nitrogen,
that was the carrier gas utilized in the experiments. Comparing to Figure 4.15, methanol
concentration must be well below 1 ppm, because no peak is seen at 4.3 min. In the other hand,
a huge peak appeared in the zone of the water retention time, which means that, for both
experiments, the permeate stream contained water and, interestingly the methanol

concentration was below the detection limit of the GC.
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Figure 4.16. Chromatogram of the 50/50 vol. % methanol-water experiment at (A) 120 °C and (B)
200 °C.

Same conclusions were observed when carried out the experiment with a mixture of

70/30 vol. % of ethanol-water at 120 °C, as can be seen in Figure 4.17.
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Figure 4.17. Chromatogram of the 70/30 vol. % ethanol-water experiment at 120 °C.

The permeance of water was then calculated with Equation 11 and the values for the three
experiments are summarized in Table 12. Focusing on water/methanol separation, when
increasing the temperature of the experiment, the permeance value increased. In water-
ethanol trial, the composition of the feed is different, so it is not possible to compare the
results with the other mixture. The results obtained agree with those in the literature,
summarized in Table 1 and Table 2. To evaluate the selectivity of the experiments, it was
assumed that the carbon membrane permeated 1 ppm of methanol and ethanol. Based on this,
the water/methanol selectivity was determined to be 10,618 at 120 °C and 12,260 at 200 °C,

while water/ethanol selectivity at 120 °C was 6,691.
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Table 12. Permeance results for the water/solvent separation experiments.

Feed (vol. %) Feed Temperature (°C) Permeance (mol-m-2-h-!-kPa")
50/50 water-methanol 120 0.435
50/50 water-methanol 200 0.502
30/70 water-ethanol 120 0.274

Whenever an experiment was carried out at 200 °C, the membrane stopped permeating after
some time, no peaks were observed in the chromatograms and the values read with the dew
point meter started to drop dramatically. Therefore, identical characterization tests, similar
to the ones conducted prior to any separation experiment, were performed to comprehend the

changes in the membrane.
4.3.2 Post experiments characterization tests

The SEM image (Figure 4.18) reveals unusual particles in the carbon membrane surface. The
use of the EDS tegnique (Figure 4.20A) shows that new elements appeared in the chemical
composition of the membrane, such as silicon, chlorine, sulfur and calcium. This finding is also
supported by the FTIR spectrum shown in Figure 4.19, where a comparison with the membrane
prior to exposure to organic solvents or high temperatures indicates the appearance of new
bands within the range of 1,050 to 700 cm™.These bands are caracteristic of Si-C, C-Cl and Si-
0-Si stretching vibrations as well as rocking vibrations between silicon and the methyl group.
This appearance of new compounds may be related with the decomposition of the glue used to

glue the membranes to the stainless-steel disk or the decomposition of the silicone O-rings.

15kV 9.8mm X60 BSE M

Figure 4.18. SEM image for the CMSM 1.10 post experiment.
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Figure 4.19. FTIR spectra of CMSM 1.10 pre and post experiment and new bands assighments.

The carbon membrane became hydrophobic after the experiment, since the water contact
angle increased to more than 90 ° as illustrated in Figure 4.20B, which is an important result,

being in agreement with the fact that the membrane no longer permeates.
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Figure 4.20. (A) EDS spectrum and (B) water contact angle measurements for the CMSM 1.10 pre and

post experiment.

Comparing Raman microscopy and XRD analysis, Figure A.10 (see Appendix A), before and after
the trials, the ratio Ap/As decreased from 3.85 to 1.90 and the d-spacing increased from 0.381
nm to 0.394 nm, respectively. The FTIR and EDS technique reveal the emergence of new
functional groups, which could potentially have originated from the glue or the O-rings. The
Raman spectroscopy might be detecting these areas where particles of these substances are

present, rather than the crystalline structure of the material.
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5 Conclusion

Unsupported cellulose-based CMSMs with boehmite nanoparticles were successfully prepared,

characterized and tested.

SEM images showed that the structure of the polymeric film became more asymmetric after the
incorporation of boehmite nanoparticles. However, the carbonization step led to the collapse
of the pores, resulting again in a denser structure. TGA test indicated that the addition of
boehmite nanoparticles enhanced the membrane stability, increasing the temperature at which
the polymer experienced maximum degradation. In terms of chemical composition, EDS
technique showed that the C/0 and C/Al ratios decreased as the boehmite content increased,
as expected. Moreover, in terms of carbonization atmosphere, CMSM prepared under an inert
atmosphere revealed a higher carbon content. These results were in agreement with water
contact angle measurements, which showed that membranes with lower carbon content
exhibited increased hydrophilicity. FTIR spectra revealed that, in general, the OH band was
less intensive after carbonization and higher boehmite concentration also contributed to a
reduction in this band’s intensity. Similar observations were made for N=C stretching vibrations
and substituted benzene rings bonds. Different carbonization atmospheres demonstrated
differences in C-O-C stretching vibrations band, that was more intense with an oxidative
atmosphere. The carbon membrane with 1.10 wt. % of boehmite and the oxidizing atmosphere
indicated to have more free volume, meaning more micropores as was possible to conclude by

XRD and Raman spectroscopy.

Based on the results of single gas permeation tests, it can be concluded that boehmite
significantly improved both permeability and selectivity. Permeability duplicated, except for
Nz, with the addiction of 1.10 wt. % of boehmite, while selectivity increased for every pair of
gases, specially H,/N; selectivity, that increased from 43 to 107. These conclusions were
supported by the Robeson Index, which showed that the CMSM 1.10 surpassed the Robeson
upper bound for almost all the separations. Among the different carbonization atmospheres
studied, the inert atmosphere resulted in the CMSM with the lowest permeability values,
whereas both reducing and oxidizing atmospheres yielded CMSM with roughly doubled
permeability. In contrast, the CMSM prepared under reducing atmosphere exhibited lower
selectivities compared to the CMSM prepared under the two other atmospheres, with the
oxidizing atmosphere being the best option as confirmed by the Robeson index. Furthermore,
all the membranes demonstrated an increase permeability to humidified gas showing that the
cellulose-based carbon membranes produced for this work had hydrophilic properties. The best
performance was obtained with the carbon membrane with 1.10 wt. % of boehmite, carbonized

with an atmosphere of CO,.

Conclusion 41



Purification of green fuels by innovative membrane separation processes

The proof of concept of water/solvent separation tests was successfully accomplished. A
dedicated installation was constructed to test different solvents, namely methanol and ethanol.
The chromatograms constantly showed the presence of water in the permeate stream in every
experiment. The obtained permeance value were 0.435 and 0.502 mol-m?2h”kPa™’ for the
mixture with 50 vol. % of methanol at 120 and 200 °C, respectively, which indicated that higher
temperatures enhance permeability. For the mixture with 70 vol. % of ethanol at 120 °C it was
obtained a permeance of 0.274 mol-m™2h"-kPa™'. These results provide supporting evidence for

the successful separation of water and organic solvents using the developed membrane system.

Following the experiments conducted at 200 °C, the membrane stopped permeating indicating
structural transformations. FTIR and EDS characterization tests detected new vibrations and
compounds, namely silicon, chloride, calcium and sulfur that can be caused by degradation of
the glue or the O-rings. Water contact measurements revealed that the carbon membrane
became hydrophobic and with Raman spectroscopy it was seen that the disorder of the carbon

plans decreased.
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6 Assessment of the work done

6.1 Objectives Achieved

The first objective of this dissertation was to understand the membrane separation processes
and to prepare hydrophilic carbon molecular sieve membranes, which was successfully
accomplished. Then, the prepared membranes were chemically and morphologically
characterized, as proposed. To test the performance of the membranes in terms of permeability
and selectivity, the objective was to carry out single gas permeation tests and the proof of
concept for water/solvent separation tests, which were both successfully completed. This study
also fulfilled the company's proposed goal of studying more efficient and sustainable

alternatives to purify methanol.

6.2 Other Work Carried Out

During the last weeks, knowledge regarding the procedure for producing carbon membranes

supported in ceramic tubes started to be acquired.

6.3 Limitations and Future Work

The facility used for this dissertation work was an incorporation of existing equipment in the
lab. This arrangement served the purpose of conducting a proof of concept for the study and
gaining insights into the fundamental equipment required for a future installation, designed
specifically for the vapor separation tests. Thus, an installation is suggested, in Figure 6.1,
that could be implemented in forthcoming tests. To guarantee that the feed mixture is in vapor
phase when it arrives to the membrane cell, it can be utilized a Controlled Evaporation and
Mixing (CEM). Mass flow controllers, pressure and dew point meters should be implemented in
every stream (feed, retentate and permeate) and it is necessary that the line arriving at the

CG is heated to prevent any risk of condensation.
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Figure 6.1. Suggestion of future setup for water/solvent separation tests.

For future work, it is important to characterize the microporous structure of the membranes
by determining CO, adsorption isotherms (since CO; is smaller than Nz) and applying Dubinin-
Radushkevich equation to determine the micropore volume and pore size distribution. In order
to solve the problem of the membrane no longer permeating, it is imperative to explore
alternative glues and utilize different O-rings. Given the limited area of the current membranes
employed in this process, it will be crucial to develop tubular supported membranes that offer

a significantly larger working area.

6.4 Final Assessment

| found the work proposed extremely interesting and challenging due to the technology
addressed being very new. When | started this project, the state of the art for the separation
of water/solvent mixtures was only about pervaporation, being vapor gas separation a new
technology that has been very little explored so far. Having completed my dissertation, | am
strongly convinced that the membrane technology | studied presents a promising approach for
alcohol dehydration. While there is still ongoing research on supported membranes, | believe
that they represent the next advancement needed for the practical implementation of this

technology in the industry.

In addition to gaining a lot of theoretical knowledge about membrane technology, my work was
very practical, having learned about various topics and how to use several equipments. These
months tested my critical thinking skills and, above all, my resilience and determination to

overcome all the obstacles that occurred.

Although | dedicated a significant amount of time to laboratory work, the experience of
conducting my research in a business environment proved to be highly rewarding. It gave me
the opportunity to fully comprehend the practical implications of my work and granted me

valuable insights into renewable energy projects within a corporate context.
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Appendix A- Setup of the installation and results

A.1 Preparation of the CMSMs
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Figure A.1. Carbonization steps to prepare the cellulose-based CMSMs.

A.2 Installations of the different separation tests

o b

'—‘ = Flow controller u

<H
b pand

o ) Non-return valve !

2 I = Flow contro\lerF

i [ 1

3 n

Edq & ‘ Gas cylinders
-— o L r T 1 L

E ] > Noq-rgl.urr) valve.
=} VoI ermeate) .

€ Non-return ¢ !

[=]

(&}

valve = E— ' @
- . .l [ »e_ RH meter
|
2| |
@ Tank

Vacu;.Fpump

Figure A.2. Experimental setup for single gas permeation experiments (reproduced from [11]).
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Figure A.3. Photographs of the laboratory installation for single gas permeation tests; (A) feed to the

membrane module and (B) permeate tank.

Condenser

il

2 @ v
Water/solvent Heat .
JE— . exchanger
i mixture
—— Membrane
\{ cell
I M -
Feed tank N/
Liquid N
HPLC pump Oven z

Vacuum pump

Cold trap

Figure A.4. Initial installation for water/solvent separation tests.

Figure A.5. (A) Photographs of the initial laboratory installation for water/solvent separation tests and

a (B) close up of the membrane module inside the oven and (C) the cold trap with a vacuum pump.
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Figure A.6. Photographs of (A)the laboratory installation for water/solvent separation tests using the
dew point meter; (B) close up of the humidity sensor; (C) close up of the feed and HPLC pump and (D)
close up of the GC.

A.3 Deduction of the permeance of the CMSMs to water/solvent

permeation tests
The permeate side of the membrane cell can be represented as shown in Figure A.7.

feed

— Lo® <<
N, sweep in \_

Figure A.7. Flow behavior at the permeate side of the membrane (adapted from [67])

Doing a mass balance over a small part of the permeate side with a thickness dr:

(13)

QHZO,perm + QHZO,permlr = QHZO,perm |r+dr
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where Qy,operm is the water flow in the permeate. This can be expressed in other form,

including the water fraction in the permeate, yy,, , and the flow rate of the sweep gas, @y, .

AP (py,o, — PH,o0,
( H0 feedl Hzoperm) + YH,0 * ®N2|r = YH,0 - ®N2|

(14)

r+dr

where ? is the permeance, A is the area of the cell and py,¢ feea aNd Py, 0,perm are the water

vapor pressure on the feed and permeate side of the membrane, respectively. The fraction of

PH,0,perm

water in the permeate stream can be written as where P, . . is the total pressure at

total

the permeate. If r is the radius of the membrane and dr the thickness, then:

2nrdr P (pHZO,feed - pHZO,perm) PH,0,perm PH,0,perm
l = P . ®N2 - —P * QNZ (15)
total r+dr total r
This results in:
pHZO,perm X @ _ pHZO,perm X @
N. N.
Ptotal 2ltar Ptatal 2l _ 2w P (pHZO,feed - pHZO,perm) (16)
rdr l
szo,perm . (Z) _ pHZO,perm . @
N. N
. Ptotal 2 r+dr Ptotal 2 r 2P (pHZO,feed - pHZO,perm)
lim = - 17)
-0 rdr l
deZO,perm - _ 2mP Ptotal r (18)
(pHZO,feed - pHZO,perm) l Q)NZ
fo deZO.perm - _ fr 2nP Ptotal r dr (19)
PH,0,perm (pHZO,feed - pHZO,perm) 0 l Q)NZ

where the water vapor concentration when the radius is the same as the radius of the cell is

zero and the py, o perm is determined when the radius is zero with the dew point meter. The

integration results in Equation 11.
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A.4 Results

Table A.1. Specific constants used in Antoine equation.

A

B

C

5.11564

1687.537

230.17

A CMSM 0 10 B 120 CMSM 0.55 10
Derivate curve Derivate curve
100
100 |
. 5
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Figure A.8. TGA plot and correspondent derivate curve of the precursor correspondent to (A) CMSM 0;
(B) CMSM 0.55; (C) CMSM 1.10 and (D) CMSM 2.15.
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Table A.2. FTIR spectra bands assignments.

Wavenumber (cm')

Functional group

Assignment

3,350; 3,623 -OH -OH stretching
3,024 =CH =CH stretching
2,898;3,033 -CHz or CH3 Aliphatic groups
2,123 -N=C N=C stretching
2,001 Substituted benzene rings Several bands from overtones and
combinations
1,643; 1,573 C=C, C=N, NH C=C and C=N stretching, NH deformation
1,837 -C=0 -C=0 stretching
1,317; 1,473 -CH; or -CH;3 -CH; or -CH3 bending
1,159;1,143; 894 -C-0-C -C-0O-C stretching
1,012 -C-OH -C-0 stretching
862; 788 Benzene Aromatic rings

Figure A.9. CMSM surface of a sample (A)with and (B) without boehmite.
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Table A.3. Permeability results for each CMSM tested.

Permeability (barrer)
H, co, 0, N,
CMSM 0 256 164 35 6
CMSM 0.55 321 146 40 45
CMSM 1.10 567 218 161 5
CMSM CO, 567 218 161 5
CMSM N, 274 146 43.6 3
CMSM N+H, 495 256 99 16

Table A.4. Ideal selectivity results.

Selectivity
H,/CO; H2/N, CO,/N, 0,/N,

CMSM 0 2 43 27 6
CMSM 0.55 2 71 32 9
CMSM 1.10 3 107 41 30
CMSM CO;, 3 107 41 30
CMSM N, 2 83 44 13
CMSM N,+H, 2 30 16 6

Pre experiment

Post experiment Pre experiment Post experiment

/

intensity (a.u)
intensity (a.u)

500 1000 1500 2000 2500 10 30 50 70
Raman shift {cm-1) 268 (")

Figure A.10. (A) Raman and (B) XRD spectra for the CMSM 1.10 pre and post experiment.
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