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Chapter I

General Introduction

The climate change crisis is driven by greenhouse gases (GHGs) emissions from fossil fuel con-
sumption. To combat this threat, the gradual phasing out of fossil hydrocarbons is essential. As
the demand for fossil raw materials continues to rise, finding ecological substitutes has become
a critical global priority.

COg is the primary GHG responsible for global warming. Establishing a circular economy
around COq offers a potential solution for limiting its accumulation in the atmosphere. This
approach, known as carbon capture, utilization, and storage (CCUS), involves capturing anthro-
pogenic COq and either storing it or converting it into valuable products (Figure I1.1).

The conversion of CO4 into valuable products is part of the Power-to-X concept. This term
refers to the conversion of surplus electrical energy (mainly during periods when intermittent
renewable electricity production exceeds demand) so that it can be stored and redirected to
other uses. These uses encompass, among others, chemical synthesis (Power-To-Chemicals) or

synthetic fuel production (Power-to-Gas, Power-To-Liquid, Power-To-Fuel or ”e-fuel”).
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Figure I.1: Anthropogenic carbon cycle for a circular economy [23]
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Chapter I - Introduction

In the Power-To-X concept, the conversion of COq is achieved through a catalytic reaction
between CO9 and hydrogen, produced by electrolysis of water powered by excess low-carbon
electrical energy. Depending on the process used, a variety of high-energy compounds can be

synthesized:

e Methanation (Power-To-CHy or Power-To-Gas): producing methane as a substitute of

natural gas.

e Fischer-Tropsch synthesis (FTS) (Power-To-FTS): using synthesis gas (mixture of
COg3, CO, Hy) to produce paraffins and olefins (for the manufacture of fuels, polymers and

other petrochemical products).

e Methanol synthesis (Power-To-MeOH): performed using synthesis gas or COy and Hs

to create methanol (manufacture of fuels, solvents, polymers, etc.).

This PhD research focuses on methanol synthesis through the Power-To-MeOH concept. The
following sections will address current methods of methanol synthesis from fossil carbon sources,
along with the challenges and potential solutions associated with transitioning to captured COs

as a feedstock.



Section 1.1

I.1 The challenges of carbon-neutral methanol production

In Section 1.1.1, the current applications of methanol and outlooks arising from its production
from renewable resources are examined, highlighting future perspectives on its sustainable role.
Section I.1.2 reviews conventional methanol production processes, which rely on CO-rich re-
action mixtures produced from fossil-based feedstocks. This section also addresses the challenges
of transitioning to more sustainable carbon-based feedstocks, which typically yield reaction mix-
tures with lower CO content and higher COs2 content.
Finally, Section 1.1.2 explores strategies for converting COs-rich reaction mixtures into

methanol, introducing the membrane reactor as the solution investigated in this PhD research.

I.1.1 Methanol: current applications and outlooks

Methanol is often described as a very versatile compound. Indeed, methanol is the source
of many chemicals (formaldehyde, MTBE, acetic acid, polymers, etc.) and has a wide range
of applications. For example, methanol is used in the manufacture of plastics, solvents, paints,
cosmetics, fuels, etc. (Figure I.2). In 2023, close to 110 million tonnes of methanol were produced
worldwide [21] with most of it in Asia [2]. Moreover, methanol demand and production are
growing. In 2030, global production capacity is estimated at 300 million tonnes, almost double
that observed in 2020 [3].

MMSA Global Methanol Supply and Demand Balance
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mmm Others
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Figure 1.2: Global methanol supply and demand. Data: MMSA [21].

Methanol is also an environmentally friendly energy vector when synthesized from sequestered
carbon and hydrogen produced by water electrolysis powered by low-carbon energy. Methanol
thus belongs to the "e-fuel” class, comprising ”carbon-neutral” synthetic fuels (including e-fuels
derived from FTS). In this context, the term ”e-methanol” is used. This compound can substi-
tute fossil fuels in many applications. Liquid at room temperature and atmospheric pressure,

methanol is compatible with conventional hydrocarbon transport systems (pipelines, tankers,
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Chapter I - Introduction

etc.) [24] and can be used as an environmentally friendly fuel in combustion engines. However,
with its high-octane number and low energy density, methanol as such is hardly compatible with
use in aviation [14] or in diesel engines [24]. It can, however, be combined with additives or
dehydrated to dimethyl ether (DME) as a substitute for diesel fuel. It can also be transformed
into a mixture of hydrocarbons (as a substitute for gasoline) using the Methanol-to-Gasoline
(MTG) process with acid catalysts [24].

Heavy transports, whether by air or sea, are under increasing pressure to reduce their COq
emissions. However, these modes of transportation are often incompatible with electrification,
and are therefore forced to use liquid fuels. They could therefore benefit greatly from these
”carbon-neutral” fuels. For example, at European Union level, new laws could oblige airlines
to integrate up to 50% synthetic fuels (such as those derived from methanol) into their aircraft
by 2050 [7]. The marine sector is also considering using synthetic fuels, especially e-methanol.
In particular, Danish shipping giant Maersk plans to buy half of the methanol produced by the
future e-methanol plant in Kasso, Denmark, once construction is completed in 2023 [28]. The
plant is billed as the first large-scale e-methanol synthesis facility [28].

Currently, with a global annual capacity of 6000 tons (approximately 0.005% of global
methanol production) and only three demonstrator-scaled operational plants, e-methanol pro-
duction remains very marginal [21]. The first e-methanol plant began operations in 2012 in
Reykjavik, Iceland. The subsequent plants commenced operations more recently, with facilities
opening in Lanzhou, China, and Punta Arenas, Chile, in 2020 and 2022, respectively, indicating
a growing industrial interest in e-methanol. Several additional e-methanol plants with much
higher capacities are either under construction (mainly in China) or in the planning stages and

are expected to become operational in the coming years (Figure 1.3).

Operational

Capacity (kT)
® 06

® :

& :

B
Under construction

Capacity (kT)

® o0

® 10

@ 50

& o0

B 4

Figure 1.3: E-methanol production plants throughout the world [21].



Section I.1

I.1.2 Current industrial methanol production: processes and thermodynam-
ics

Despite the ecological advantages of e-methanol, current methanol production still relies pri-

marily on fossil feedstocks, with natural gas being the main source. An analysis of current

methanol synthesis processes provides an insight into the challenges and technical constraints,

such as reaction equilibria, operating conditions, reagent compositions, among others, involved

in methanol synthesis. The limitations of these processes illustrate the challenges of shifting

away from fossil feedstocks to synthesize methanol.

Steam
Water
Fresh R
as
g Recycle
gas
Purge
gas
—— (rude
methanol

Figure 1.4: Simplified diagram of a conventional methanol synthesis process (distillation step
excluded): (a) reactor, (b) heat exchanger, (c) cooler, (d) separation, (e) recycle compressor,
(f) feed compressor [24].

Current industrial production of methanol is carried out in 3 stages [5]:

1. Production of synthesis gas (syngas) (Hy, CO and COj3) by steam reforming of fossil
feedstock.

2. Conversion of syngas to methanol in a catalytic reactor (Figure 1.4).
3. Separation of reaction products by distillation.

After syngas production, this gas mixture reacts in a catalytic reactor described by two
balanced reactions: the hydrogenation of CO9 into methanol (Eq. I.1) and the water-gas shift
(WGS) reaction (Eq. 1.3).

COg 4 3Hy == CH30H + HyO A, H3gg=—49.8kJ - mol~* (I.1)
CO +2Hy == CH30H A, HSgg=—90,8kJ-mol ™! (1.2)
CO +HyO == COs +Hy A Hggx=—41,0kJ-mol ! (1.3)

Gas phase methanol synthesis reactions are exothermic and therefore favored at low tem-

peratures (Egs. I.1 and 1.2). Additionally, decreasing the number of moles during the reaction
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leads to improved conversion under high pressure conditions.

The WGS reaction is also exothermic, but with no change in mole number during the reac-
tion. This reaction is therefore favored at low temperatures and remains independent of pressure
conditions. In the conventional process, the CO reacts with water through the WGS reaction to
produce additional COs and Hs reactants. Thus, in addition to removing water, which shifts the
thermodynamic equilibrium of the CO9 hydrogenation reaction according to Le Chatelier’s prin-
ciple and protects the water-sensitive copper-zinc-alumina catalysts, the additional production

of reactants further drives methanol production [2, 22].
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Figure 1.5: (a) CO2/CO conversion at equilibrium, (b) methanol yield as a function of
temperature and pressure (Ha/CO2=3), (c) methanol yield as a function of the Hy/CO4 ratio
[16].

Despite favorable reaction equilibria around 200°C (Figure I.5a), current methanol synthesis
processes operate at temperatures above 250°C to reach sufficient reaction kinetics. However,
the temperatures imposed are always kept below 300°C to ensure thermodynamically favorable
conditions for methanol formation (Figure 1.5b). Furthermore, the pressure must remain as
low as possible to limit the economic cost of reactants compression, but sufficient enough to
achieve suitable yields (Figure 1.5) [2]. Advancements in catalysis have progressively increased
catalyst activity, enabling processes to operate under milder conditions (Figure I.6). An example

of a modern methanol synthesis process is Air Liquide’s MegaMethanol process, operating at
250-260°C and 50-60 atm [2, 12].
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Figure 1.6: Trends in operating conditions used in industrial process reactors for methanol
synthesis [2].
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The synthesis gas used as a reagent for methanol synthesis is mainly produced through
the steam reforming of natural gas (or methane steam reforming). This highly endothermic
reaction accounts for a large proportion of the process’s energy consumption [18]. Other raw
materials (oil, coal, biomass, etc.) may nevertheless be used, depending on various economic or
environmental criteria [24, 5]. The composition of the syngas, influenced by the feedstock used,
plays an important role in the efficiency of the process. Manufacturers use two factors to qualify
the composition of this gas: the stoichiometric ratio (S) (Eq. 1.4), the carbon oxides ratio (COR
or CO2/CO,) (Eq. 1.5) [2].

S _ THy — LCOy (14)
Tco, T Tco
COR= 1% (L5)
Tco + Tco,

A S ratio slightly above 2 (generally targeted industrially) indicates an excess of hydrogen
over stoichiometric conditions and is optimal for maintaining high selectivities for most of the
catalysts used [24, 5]. The reforming of methane results in a synthesis gas with an S ratio of
2.8 to 3, enabling either the excess hydrogen to be used for other applications (e.g. ammonia

synthesis), or the addition of CO2 to approach an S ratio close to 2 [24, 5].

COg 4+ Hy == CO + HyO A, H3gg=41,0kJ - mol ™ (1.6)

Industrial methanol synthesis processes also operate with a COR factor generally below 0.6
[22] in order to limit the CO2 content of the gas mixture [2]. With increasing CO2 content, the
equilibrium of the WGS reaction is exceeded and the reverse reaction takes place. In this case,
the reverse water-gas shift (RWGS) reaction (Eq. 1.6) becomes a parasitic reaction, consuming
the reactants (CO2 and Hg) to form carbon monoxide and water. The presence of water at high
temperatures degrades the catalyst, mainly through sintering of the active particles [16, 27, 8],

as well as hindering equilibrium conversions and reaction kinetics [2].

I.1.3 New CO; synthesis processes: Focus on membrane catalytic reactors
1.1.3.1 Sustainable sources of carbonaceous reagents for methanol production

With the aim of moving away from fossil feedstocks for methanol production, alternative sources
of CO4 are being explored. There are three main ways of producing COs: gasification or steam
reforming of carbonaceous materials, capture from COs-rich sources (flue gas or industrial waste)
and direct capture of atmospheric COs.

For the first route (also called pre-combustion), the carbonaceous feedstock in solid form is
transformed through gasification (Eq. 1.7), and in gaseous or liquid through steam reforming (Eq.
1.8). These processes take place at high temperatures and high pressures to produce synthesis
gas [11]. This route encompasses the production of syngas by steam-reforming fossil feedstock,
used for current methanol production. However, in order to move towards a sustainable source
of carbonaceous reactants, it is preferable to substitute the fossil feedstock with biomass to

produce syngas. Although, the use of biomass typically yields syngas with lower CO contents

ST
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and therefore more challenging to convert into methanol [9].

CpHp + g Oy — % Hy, + nCO (L7)
Cally + 3 H0 — mT“ Hy + nCO (1.8)

The second method for sustainable COy production derives from sources where COs-rich
sources, such as flue gases from coal and gas-fired power plants (also known as COsz from post-
combustion), as well as COg-rich emissions from cement and steelworks [20]. Here, COz is
generally captured by absorption using aqueous amine solutions [11, 20]. This method has the
advantage of being easily adaptable to existing infrastructures [11]. However, to be applied to
current methanol synthesis processes, part of the COs must be converted into CO, and hydrogen
must be supplied from an external source.

Finally, direct capture of atmospheric COs involves recovering the COq present in the air.
The technologies used to capture atmospheric COgy are absorption by a solution (hydroxide,
amine, amino acid) or adsorption on a solid support (such as activated carbons) [11, 20]. Thanks
to this technique, CO5y can be removed from the atmosphere to mitigate the effects of global
warming. However, the concentration of COg in the atmosphere is very low (around 400 ppm)
and so these plants have to treat a significant amount of air to capture the CO2. This results
in energy consumption around 4 times higher than that of CO9 captured after post-combustion

[11, 20]. The recovered gas also contains no CO, and no dihydrogen for methanol synthesis.

1.1.3.2 Suitable processes for COs-rich feed streams

Current industrial methanol synthesis processes are unsuitable for handling these types of COz-
rich feeds for the reasons outlined above. Indeed, working with such COs-rich feeds greatly
complicates the process, as large quantities of water are generated in the reactor. The water
generated limits reactant conversion and prematurely degrades the catalyst. To circumvent
these problems, several technical solutions currently being studied are described here.

At the process level, two broad solutions are available for methanol synthesis (Figure 1.7).
The first consists in a two-stage process with RWGS followed by methanol synthesis from syngas

(CAMERE process) [26]. The second one does the direct conversion of CO2 in one step.
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Figure 1.7: Processes for CO2 hydrogenation to methanol. a) indirect methanol synthesis
(CAMERE process), b) direct methanol synthesis. Adapted from [13].

These different strategies imply different technological choices. Conventional fixed-bed cat-
alytic reactors perform better in the indirect CAMERE route as the water generated is removed
by the WGS reaction [20, 13]. The direct pathway makes it possible to eliminate the endother-
mic syngas generation step through the RWGS reaction at the expense of aggravated constraints
with regard to the water generated in the reactors [13]. Nevertheless, innovative reactors that

can separate water from the reaction mixture aim to improve the direct route:

1. Membrane reactors, described in detail below,
2. Three-phase reactors condensing methanol and water during reaction [4],

3. Reactors using sorbents to capture water [17].

In the context of e-methanol synthesis, none of the innovative reactors described above have
yet to see commercial applications, as they have only been discussed in academic literature.
Consequently, no commercial processes utilizing these technologies currently exist, and their

economic and environmental viability at the process scale remains an active area of research [25,
10, 1].
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1.1.3.3 Principle of the catalytic membrane reactor and application to the synthesis

of methanol from CO,

Membrane catalytic reactors are reactors equipped with one or more membranes that (1) allow
the separation of at least one of the reaction products to shift the thermodynamic equilibrium
of a reaction (extracting function) to improve the conversion and selectivity of the reaction [6],
(2) to control the addition of a reagent to limit side reactions and improve the selectivity of
the reaction (distributing function). For methanol synthesis, the membrane reactor will enable
a chemical reaction to be carried out while simultaneously separating compounds from the
reaction mixture. This type of technology is therefore in line with the philosophy of process
intensification, by combining two unitary operations in a single step. In the case of the catalytic
hydrogenation of CO2 to methanol, the membrane’s extractant function will be of great interest
in removing water from the reaction medium in order to shift the reaction equilibrium (Le
Chatelier principle). As a result, conversion to CO2 and yields of methanol can be improved with
this technology. Moreover, the life of the water-sensitive catalyst can potentially be extended

with the membrane reactor.

Permeate
stream

Sweep gas Permeate stream

Retentate
SR
1stream

Membrane

Feed
Retentate stream

stream

Figure 1.8: Example of a membrane reactor applied to methanol synthesis. Adapted from [15].

In the example shown on Figure 1.8 of a catalytic membrane reactor applied to methanol
synthesis, the reactor comprises two coaxial tubes. The inner tube, inside which a fixed bed
of catalyst is deposited, corresponds to the membrane. The outer tube is the reactor shell. A
sweep gas (inert or reagent-laden) circulates between the two tubes, to remove the extracted
compound that has passed through the membrane. The choice of membrane material depends
on the process conditions (induced by the choice of catalyst and reaction) and the nature/size

of the molecules to be extracted.

I.2 Research Objectives

Methanol synthesis reactions are currently carried out under harsh conditions (250°C-300°C,
> 20bar), in order to ensure sufficient activity of usual copper-based catalysts. However, the
separation of gases (HoO, COz, CO, Ha, MeOH) at these conditions is a technical challenge
regarding membrane development [19]. Thus, the design of a catalytic membrane reactor suitable
for methanol synthesis must converge research: towards a high-performance membrane at high
temperatures (> 250°C) and towards catalysts active at low temperatures (< 250°C).

Additionally, as aforementioned in Section [.1.3.2, no commercial process built around a

- 10 -
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membrane reactor for methanol synthesis yet exists. A significant challenge in scaling this
technology is the gap between materials science research and process simulation studies. Con-
sequently, available literature on membrane separation performances often lacks comprehensive
data, requiring extrapolation beyond experimental ranges for reactor simulations at reaction
conditions [15].

Thus, this PhD work aims to investigate the potential of membrane reactors compared to
conventional fixed-bed reactors for methanol synthesis from CO» by bridging gaps between each
field. To do so, a comprehensive approach that links material development, catalyst design, and

process-scale analysis is proposed.

Therefore, in Chapter II, preparation methods to produce high quality zeolite membrane
that can selectively separate water at high temperatures will be investigated. The most effec-
tive synthesized membranes will undergo extensive testing to establish permeation laws under
reaction conditions, enabling accurate modeling of membrane behavior.

In Chapter III, potential catalysts active in low-temperature methanol synthesis, where mem-
brane efficiency is highest, will be investigated. Additionally, alternative synthesis routes en-
abling catalyst synthesis directly on the membrane will be explored to assess potential synergies
between the catalyst and membrane.

Chapter IV will compare membrane reactors to conventional fixed-bed reactors at the process
scale through process optimization. By minimizing an energy cost function, this chapter aims to
quantify the maximum benefits of membrane reactors over conventional ones and to determine

optimal operating conditions for both reactor types.
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Glossary (Chapter I)

Acronyms
CAMERE CArbon dioxide hydrogenation to MEthanol via REverse water gas shift re-
action
CCUS Carbon Capture, Utilization, and Storage
COR Carbon Oxides Ratio (or CO2/CO,)
DME Dimethyl ether
FTS Fischer-Tropsch synthesis
GHG Greenhouse Gas
MMSA Methanol Market Services Asia
MTBE Methyl Tert-Butyl Ether
MTG Methanol-to-Gasoline
RWGS Reverse Water-Gas Shift reaction
WGS Water-Gas Shift reaction

Roman letters
S Stoichiometric ratio for methanol synthesis

x; Molar fraction of species i (-)
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Chapter 11

Membranes for high temperature water separation
from H,/CO,/CO/MeOH

The separation of gases (Hy0O, Hg, COg, ...) at methanol synthesis reaction conditions (200-
300°C; 20-50 bar) is not trivial. This chapter starts with a literature review on the membrane
materials able to selectively separate water from gases during methanol synthesis (Section II.1).
Next, the recent developments in the synthesis of defect-free LTA and SOD zeolites are explored
to develop synthesis methods (Section I1.2). Finally, permeation studies under methanol syn-
thesis reaction conditions are carried out to assess the presence of defects in the synthesized
membrane and to gather comprehensive data on its performance, for more accurate membrane-

assisted process simulations. (Section II.3).

II.1 Membrane materials to separate water from a high-temperature

gas-mixture

This section explores materials capable of selectively separating water from the reaction mixture
under these synthesis conditions. This section will then focus on zeolite-based mineral mem-
branes, which appear to be best suited to solve this problem. The effect of the zeolite nature
(structure/pore size, composition/hydrophilicity) will be discussed, before a brief look at the
associated membrane synthesis methodologies. LTA and SOD membranes, more commonly de-
scribed in the literature for the applications targeted in this paper, in particular for methanol

synthesis, will finally be described in more detail.

I1.1.1 Membranes for gas permeation / dehydration

Gas permeation is the separation of gases through a membrane. The principle and operation of
membrane separation in the context of gas permeation will therefore first be described in this
section.

II.1.1.1 Membranes: definition, porosity and performance criteria

II.1.1.1.a Definition

A membrane can be generally defined as a thin barrier, allowing the selective passage of sub-

stances between two media. The zone where the fluid retained by the membrane circulates is
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Chapter II - Membrane materials

called the "retentate”, and the zone where the fluid that has passed through the membrane
circulates is called the ”permeate” (Figure II.1). Separation takes place under the action of
a driving force, which, in the case of gas permeation, is a partial pressure gradient across the
membrane [19]. The characteristics of a membrane (defined in more detail below) are related

to: its porosity, selectivity, permeability and stability.

Module

Membrane
Feed mmmp> pmmm)> Retentate
——- Sweep
Permeate 4—|

Figure II.1: Diagram illustrating crossflow filtration through a membrane. Translated from
[19].

11.1.1.1.b Porosity scale

The porosity scale of a membrane is defined by the International Union of Pure and Applied
Chemistry (IUPAC) classification according to the pore size of the medium. Microporosity
corresponds to pore sizes of less than 2 nm, mesopore size is between 2 and 50 nm and macrop-
orosity is defined for pore sizes greater than 50 nm [48, 16]. Some membranes, such as polymer
membranes, have no pores. These membranes are called ”dense”.

In the case of methanol synthesis, the aim is to separate molecules in a gas (which kinetics
diameters are around 2 to 5 A (TableIL.1)). Thus, the appropriate porosity scale is of the order
of the size of the molecules present in the reaction mixture, i.e. of the order of the Angstrom
(noted A, equivalent to 0.1 nm). Therefore, membranes suitable for this operation must be either

microporous or dense.

Table I1.1: Comparisons between the pore size of the studied zeolites and the kinetic diameter
of the molecules present during the synthesis of methanol from COq [41, 58, 75].

Maximum zeolite pore size (A) ‘ Kinetic diameters (A)

SOD CHA LTA (NaA) MFI MOR T FAU|H:O Hy CO2 CO MeOH
2.7 3.7 4.1 2.5 6.5 66 7.5 | 265 28 330 3.76 3.8

I1.1.1.1.c Membrane performance criteria

The performance of a membrane is characterized by three criteria: (1) the permeance, corre-
sponding to the membrane’s ability to allow a certain quantity of matter to pass through it;
(2) the selectivity, corresponding to the membrane’s ability to separate two species contained
in a mixture; and (3) the stability, corresponding to the invariability over time of the other two
criteria under the imposed operating conditions.

The permeance (expressed in mol.Pa~!.m~2.s71), noted as II; is defined by the molar flux

of the species across the membrane according to its surface area and the difference in partial
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Section II.1

pressure of the species between the two sides of the membrane (Eq. II.1). The permeance can
be normalized by the membrane thickness, to obtain the permeability (noted G; and expressed

in mol.m~!.Pa~1.s71) [63].

Hi:SAPi ;o Gy =

Membrane selectivity can be expressed in two ways (Eq. I1.2). The permselectivity, noted

F 17,
= (IL1)
e

as a4p, corresponds to the ratio of the permeances of two species, A and B. The separation
factor, noted o’ g, is defined according to the molar fractions of the two species A and B in the
feed and in the permeate. The respective values of permselectivity and separation factor can
differ whether the gas permeation experiment was done with a single gas or a gaseous mixture.
For example, during gas permeation studies with mixtures, preferential adsorption of a molecule
can block the pore access to another and thus lead to a discrepancy with experiments conducted

with a single gas [6, 17].

114 x (wA/l'B)Permeate

AR = —/— , « =
o = 48 (xA/TB)Feed

(11.2)

No single parameter is conventionally used to qualify membrane stability. Measurements of
prolonged membrane operation at operating conditions provide information on this characteris-

tic.

II.1.1.1.d Gas transport mechanisms in microporous membranes

The way in which molecules are transported depends on the porosity of the membrane. In this
subsection, the various transport and separation mechanisms in gas permeation membranes are
represented in Figure I1.2.

If the diameter of the pores is greater than the mean free path (the average distance a
molecule travels before colliding with another) of the gaseous molecules present in the medium,
transport takes place through viscous flow [19]. This convective mode of transport is non-
selective and, at the molecular scale, collisions between molecules are predominant [19].

If the diameter of the pores is smaller than the mean free path of the molecules but greater
than their kinetic diameters, transport takes place mainly by Knudsen diffusion [19, 30]. In this
mode of transport, molecules move according to successive collisions with the pore walls. The
selectivity of two gases in this mode of transport is proportional to the square root of the molar

mass ratio and therefore generally remains low [63, 19].
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Chapter II - Membrane materials

Figure I1.2: The different scales of transport in the membrane in gas permeation. a) viscous
flow, b) Knudsen diffusion, c¢) capillary condensation, d) configurational diffusion, e) molecular
sieving, f) solution-diffusion. Adapted and translated from [19].

When the pore size is of the same order of magnitude as the diameter of the molecules to be
separated, the mode of transport through the membrane is that of configurational diffusion [16].
In this mechanism, the molecules adsorb onto the membrane pore wall, and diffuse along it [16,
14]. Separation according to this mechanism is guided by the difference between the diffusion
kinetics of each molecule in the pore (resulting from different affinities between the molecules,
the nature of the pore wall and the size of the molecule (lighter molecules diffuse faster)) [6, 16,
14].

Transport of a molecule through micropores can be denied due to molecular sieving. In this
case, the larger kinetic diameter of a molecule induces a steric hindrance too large for it to
diffuse in the smaller micropore [6, 16, 14].

Capillary condensation is another phenomenon that can happen if proper conditions are
united. These conditions depend on the vapor pressure, the saturated vapor pressure, the
pore diameter, the surface tension and the temperature all linked through the Kelvin equation
(Eq. 11.3). This phenomenon can have a significant impact on the overall permeability of the
membrane [19]. However, the significance of this mechanism decreases with rising temperatures
(Eq. IL1.3).

P 200!
1 ( : ): i I1.3
P\ psat) T 1 RT (IL.3)

In a dense membrane, the mode of transport is called ”solution-diffusion”. Through dense
membranes, gases dissolve in the solid phase of the membrane and are then transported by
diffusion [63]. This mode of transport is driven by a chemical potential difference on either side
of the membrane [63]. The selectivity of these membranes derives from the solubility of the gas

in the membrane and its diffusion rate within the material [63].
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Section II.1

11.1.1.2 Membranes for water gas permeation: choice of material

During the hydrogenation of CO2 to methanol, the membrane must separate the water from
the other reactants and products (Hz, CO2, CO, MeOH) at the reaction conditions. Dense
polymer membranes and microporous inorganic membranes (either amorphous ceramics (TiOq,
SiOg, Al2O3 or SiO2/Aly03), or zeolites) have been studied for this purpose [32, 56, 3].

The first membrane reactor studied for methanol synthesis by Struis et al. [62] used a dense
Nafion polymer membrane. Since then, polymer membranes have been discarded for methanol
synthesis, due to performance degrading too quickly between 50 and 200°C (permeances HoO

—2.s71 ; separation factor HyO/Hy varying from 150

varying from 4-1077 to 41078 mol.Pa~!.m
to 18) [3, 62].

Since then, the use of mineral membranes in membrane reactors has dominated the literature
for this application. These membranes need to be very thin, ideally with a thickness of less than
ten micrometers. As pore sizes are small (less than 1nm), permeances are reduced. Reducing
the thickness of these membranes improves the flow through the filtering media. So, to provide
mechanical strength to these thin films, they need to be deposited on a macroporous support,
thicker but with larger pore sizes so as not to slow down the flow.

Among inorganic porous membranes, amorphous aluminosilicate membranes have demon-
strated very modest selectivities in methanol synthesis (Permselectivities HoO/Ha < 10) [32, 56,
3]. Moreover, degradation of these materials has been observed above 150°C [56, 3]. Microp-
orous silica membranes have been widely investigated for gas permeation [16]. However, their
sensitivity towards steam leading to pore closure [16] makes them an unlikely candidate for
methanol synthesis. Thus, zeolite (cristaline aluminosilicate) membranes appear to be the most
suitable for separating water in methanol synthesis. Indeed, they outperform other materials
in terms of permeance and selectivity at reaction conditions. Recent literature reports zeolite
membranes with HyO /Hy separation factors of the order of 100 and permeances of around 10~7
mol.Pa~t.m~2.s7! (Table I1.2). Zeolite membranes have been selected for their high performance

and will be described in greater detail in the following sub-section.

I1.1.2 Focus on zeolite membranes

This sub-section focuses on zeolite membranes. First, the chemical and physical characteristics
of zeolites will be described. Next, the mechanisms of gas transport and separation within
these materials will be discussed. Finally, state-of-the-art synthesis techniques for producing

high-quality zeolite membranes will be reviewed.

I1.1.2.1 Definition and characteristics of zeolites

Zeolites are hydrated aluminosilicates (presence of adsorbed water molecules in their structure),
microporous and crystalline. Due to their structure, zeolites have properties in adsorption, ion
exchange, catalysis and molecular separation (sieving), among others.

The solid lattice of zeolites, with the chemical formula M,Al,SiO;_,09 - yH2O (with x
between 0 and 1), is made up of TOy4 tetrahedra (with T = Al, Si, or other) connected by the

oxygen atoms present on the tetrahedron vertices. In reality, the value of x in the chemical
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Chapter II - Membrane materials

formula cannot exceed 0.5, and the minimum Si/Al ratio is 1. According to Lowenstein’s rule, it
is impossible to link two AlO4 tetrahedra [46]. On the other hand, in the solid lattice, each " T”
cation is associated with two oxygen anions Os. For Si**, the charges of the cations and anions
cancel each other out, and the tetrahedron is electrically neutral. For AI**, the charges are
not balanced, and the tetrahedron carries an overall negative charge. To ensure an electrically
neutral zeolite structure, the charge defect is compensated by the presence of other cations
generally localized in the zeolite micropores (so-called charge-compensating or exchangeable
cations) [50].

The structures formed by the aluminosilicate solid network are various. In fact, there are cur-
rently 255 different types of structure (a figure that is constantly changing). The nomenclature
of these structures, consisting of three letters, is given by the International Zeolite Association
(IZA) and is not necessarily based on the crystalline or chemical form of the structure. A struc-
ture may, for example, bear the name of the company that patented it, or of the natural rock
in which the structure was observed. Of all the possible structures, the most notable are LTA,
Chabazite (CHA), Mordenite (MOR), FAU and Mobil Five (MFI).

(a) Primary Units & §° ;l\ ;(S)':_' AV, ete. 4'“"9 5-ring G-ring b

(b) Secondary Units ] | [:} ({? ) }
@ { 5 QLG" .\"‘

TP H O O

(d) Zeolite
Structures

a Melanoplogite  Paulingite Rhe

Figure I1.3: Classification scheme (a) of the different scales of zeolite structures and (b) of the
different ring sizes according to the number of involved TOy4 tetrahedra [50].

Going into more detail, zeolite networks are made up of finer building units, classified ac-

cording to different scales (Figure II.3a):

—_

. Primary Building Units (PBUs) correspond to the TOy tetrahedron.

2. Secondary Building Units (SBUs) are assemblies of PBUs in simple geometric shapes
(Figure I1.3 a: the vertices represent a Si, Al or other metal cation; the edges represent a
chain of T-O-T atoms).

3. CBUs are the result of connections between SBUs.

4. The last scale corresponds to the three-dimensional structures formed by the assemblies

of CBUs and forming the microporous solid network.
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The properties of zeolites mainly derive from their crystalline structure induced by the
assembly of the building units, through their chemical composition and the size of the micropores
formed. Indeed, pore size is directly related to the bonds between CBUs and therefore to the
size of the rings that will form. The size of a ring is defined by the number of tetrahedrons
making it up. A ring comprising n tetrahedra is called an "n-ring” (Figure II1.3 b: the rings
shown are circular, but deformed rings can be obtained, as in MFT zeolites). Rings can also join
to form complex polyhedra such as cages and prisms [50]. These cages are defined as polyhedra
whose rings constitute access windows (the size of molecules that can diffuse into the structure
is defined by the size of these windows). In this way, these cages can enclose ions or molecules

large enough to prevent them from escaping.

11.1.2.2 Zeolite membranes for gas permeation

The zeolites most commonly used in gas permeation membrane separation processes have pore
diameters of the order of 0.5 nm. The main transport mechanisms within zeolite membranes are

configurational diffusion and molecular sieving.

I1.1.2.2.a Separation by molecular sieving

The molecular sieving mechanism only works if the molecules to be separated have distinct
kinetic diameters, some larger than the pore diameter (molecules end up in the retentate stream)
and others smaller (molecules pass through the membrane and end up in the permeate stream).
For each application, the kinetic diameters of the molecules to be separated are compared with
the pore sizes of the zeolites. In the case of methanol synthesis, the water molecule (0 =
2.65 A) has to be separated from the rest of the reaction mixture (Hy, COg, CO, MeOH) whose
molecule sizes, although slightly larger, are very close to that of water (Table II.1). Between
LTA and SOD zeolites, only the SOD structure has a pore size fine enough to allow only the
water molecule to pass through. Nevertheless, the small pore size of SOD zeolite (very close to
the size of water molecules) results in low permeances and therefore limited water flux through

the membrane [41].

11.1.2.2.b Separation guided by diffusion and adsorption of molecules in pores

Molecular sieving is not the only mechanism for separating zeolites. Surface diffusion, based
on the zeolite’s affinity for certain molecules, also plays an important role. This mechanism
relies on interactions between molecules and pore walls, generating different diffusion velocities
for each molecule [6], [17]. In addition, the adsorption of molecules to the zeolite can influence
this mechanism. A molecule adsorbed preferentially on the zeolite wall can block access to
adsorption for other molecules [6, 8]. For example, in the case of a hydrophilic membrane,
the affinity between zeolite and water can lead to the filling of pores with water molecules, thus
blocking access to hydrogen or CO4 [32]. In this way, zeolites can still separate molecules despite
their pore sizes, which are sometimes larger than the sizes of the molecules to be separated.
These mechanisms are influenced by the composition of the material, its hydrophilicity /phobicity
(Si/Al ratio and nature of the charge-compensating cation), the polarity of the molecule and

also by temperature. Thus, water permeance through a hydrophilic zeolite membrane generally
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increases with temperature, while the separation mechanism becomes less and less selective due
to the exothermic nature of molecule adsorption to the zeolite material [41, 20].

To illustrate this effect, Sawamura et al. [58] observed, by exchanging the H™ ions of an
H-ZSM-5 zeolite with Na™ cations, an increase in the HyO/Hs permselectivity from 1 to 6 at
250°C, due to the increased hydrophilicity of their zeolite membrane and thus its ability to adsorb
water molecules. On the other hand, Li et al. [36] provided evidence of the influence of Na™
cations on the hydrophilicity of LTA zeolites by Density Functional Theory (DFT). The presence
of Na™ ions generates a higher potential barrier for apolar molecules than for polar molecules.
The Si/Al ratio of a zeolite influences the quantity of these charge-compensating cations in the
zeolite and therefore its membrane hydrophilicity. Indeed, by increasing the quantity of Al**+
ions in the structure, the quantity of cations is also increased to ensure the electrical neutrality
of the structure. To improve the hydrophilicity of a zeolite, it is therefore preferable to use an
alumina-rich zeolite that can accommodate as many hydrophilic cations as possible. This is why
the hydrophilicity of a zeolite is inversely proportional to its Si/Al ratio [41, 57] (Figure 11.4).

However, increasing the Si/Al ratio reduces the hydrothermal stability of the zeolite mem-
brane. Indeed, hydrophilic zeolites tend to deal with dealumination (loss of AI** ions) in the
presence of large amounts of water at high temperatures [41, 42]. For example, the study by Li
et al. [39] shows degradation of a LTA membrane after 4h for a solution composed of 50 wt.%
of water from 70°C, while the study by Liu et al. [42] shows stability of their LTA membrane for
a gas also composed of 50 wt.% of water at 250°C. The hypothesis of Liu et al. [42] is that the
liquid state of water in the study by Li et al. [39] causes membrane erosion. Long term stability
of zeolite membrane under membrane reactor conditions (>200°C, >20 bar) are nevertheless

often absent from the literature.
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Figure I1.4: Si/Al ratio and comparison between pore diameters and common molecule
diameters for different zeolite structures [57].

11.1.2.2.c Influence of inter-crystal defects

Molecule transport by surface diffusion takes place in the micro-channels of zeolite structures.
However, the thin film of zeolite forming the membrane is rarely perfect (presence of defects
between crystals due, for example, to crystal misalignment). The inter-crystal meso/macro-pores
formed during synthesis, thus generate a space where molecules can circulate more freely than
in the zeolite micropores, with higher permeance but at the expense of membrane selectivity [6].
In these inter-crystal pores and during gas permeation, molecules are transported by Knudsen
diffusion (Figure I1.5). Thus, a membrane is considered to be of high quality if no inter-crystal

defects are observed.

zeolite
crystals

flow through nonzeolite pores

Figure IL.5: Intercrystalline holes in a zeolite membrane [6].
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11.1.2.3 Main synthesis routes for zeolite membranes

The synthesis of zeolite membranes is mainly based on hydrothermal chemical reactions (carried
out in a closed autoclave or reaction vessel at autogenous pressure, in an aqueous environ-
ment). The zeolite membrane is then deposited on a porous support from a solution (or gel)
generally composed of water, a source of silica, a source of aluminum, a mineralizing agent (of-
ten NaOH) and sometimes organic additives (" Template” or Structure Directing Agent (SDA))
[6]. The nature and pre-treatment of the supports, the synthesis operating conditions (heat-
ing methods, temperature, times, gel composition, nature of the precursors) will influence the
nucleation/growth of the zeolite films and their crystallization in a defined structure to obtain

membranes of varying quality (thickness, defects, pore size, etc.).

I1.1.2.3.a Choice of materials

To synthesize zeolites, the choice of available precursors is vast. Common silica sources in-
clude colloidal silica (e.g. LUDOX), fumed silica (e.g. Aerosil) and tetraethyl orthosilicate
(TEOS). Common sources of aluminum are sodium aluminate, aluminum isopropoxide and alu-
minum hydroxide. Each type of precursor reacts differently under hydrothermal conditions [49].
Furthermore, the operating conditions (concentration, temperature and duration) must be sys-
tematically adapted to obtain a precise zeolite structure, a specific crystal morphology and,
above all, an adequate membrane quality. Moreover, the substrate has a major influence on
zeolite membrane synthesis [13]. There is a wealth of literature on the synthesis of zeolite pow-
ders and membranes, with each team and each study highlighting specific operating conditions.
Numerous reviews on the subject continue to be published, providing a picture of the effects of
different parameters on the characteristics of synthesized zeolites [14, 8, 13, 72, 40, 7, 5, 18, 47,
65, 67].

The synthesis of the zeolite layer is also impacted by the nature of the support used. Indeed,
one of the key parameters in zeolite membrane synthesis is the adhesion of the zeolite crystals
to the support. Support materials with a greater affinity for zeolites will be better suited to
synthesis methods. Alumina is the most common support for membrane zeolite. The adhesion
of zeolite to these supports is very good, because the chemical composition of these supports is
close to that of zeolite [10, 45]. However, these supports are expensive to produce, accounting
for around 70% of the membrane’s final cost [9]. A great deal of research is currently underway
to reduce the cost of these ceramic supports. The use of macroporous alumina tubes [37, 69,
68] (pores greater than 1 pm) and the manufacture of supports from natural clay are part of
this approach [10]. Alternative supports have been evaluated in the literature such as sintered
stainless steel [45, 44, 25, 26, 22], mullite and silica.

11.1.2.3.b Hydrothermal synthesis by primary or secondary growth

Conventional synthesis takes place in a hermetically sealed Teflon-coated hydrothermal reaction
vessel, where the support is brought into contact with an alumino-silicate gel. The heating of
the solution within the hydrothermal reaction vessel is an important parameter for controlling

membrane synthesis. Conventional industrial reactors use a double jacket to deliver heat to
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the reaction mixture. In this method, heat is diffused from the wall to the core of the reaction
mixture with a certain inertia. An alternative is to use microwaves to (1) heat the solution
more efficiently and thus considerably reduce synthesis times, (2) achieve volumetric heating to
avoid diffusion phenomena, (3) selectively heat the reagents, due to the unequal interaction of
microwaves with the different reagents [38].

Two routes can be distinguished for conventional hydrothermal synthesis: the in-situ route
(primary growth) and the ez-situ route (secondary growth) (Figure I1.6).

For the in-situ route, zeolite nuclei are formed directly on the support in the reaction vessel,
and the crystals (the membrane) grow from these nuclei. Nucleation/growth is achieved in a
single step, so in-situ hydrothermal synthesis is fairly straightforward to implement. However,
controlling membrane growth is complicated because it is highly sensitive to operating conditions
[41]. In addition, this method often suffers from reproducibility problems, due to the nucleation
of germs and their simultaneous growth on the membrane, which are highly dependent on
the microscopic and chemical qualities of the support [40, 1]. The best results for defect-free
membrane synthesis using this method are obtained after treating the support with a functional
group such as APTES. The chemical ligand then provides anchor points on the support for the
zeolite nuclei [29]. Another strategy is to synthesize a thin layer of homogeneous porous ceramic
(such as TiO2) on rough substrates or substrates with low chemical affinity for zeolites, in order
to promote attachment of zeolite nuclei [57, 40].

For the ez-situ route, nucleation is decoupled from growth. Zeolite seeds are first synthesized
and then used to seed a support. Growth of the crystals, and hence of the membrane, takes
place in a second stage, during hydrothermal synthesis. This is currently the most commonly
used method for synthesizing zeolite membranes. This method avoids the difficult control of the
nucleation stage to only focus on membrane growth during hydrothermal synthesis [57, 40, 1].
The result is generally high-quality zeolite membranes with improved reproducibility. The main
difficulty lies in ensuring the correct distribution of seeds on the support, so as not to create

defects in the membrane during the growth stage.
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Figure I1.6: Hydrothermal synthesis applied to LTA zeolite [72].

Different methods, detailed in Figure 11.6 have been implemented to deposit zeolite seeds on
a membrane support. Most of these methods are based on manual deposition. They do not allow
deposition inside small-diameter tubular supports, and are not reproducible enough for industrial
synthesis purposes [40]. Dip-coating (dipping the support in a germ suspension) or cross-flow
filtration (filtration under flow of a germ suspension) currently appear to be the most suitable
methods. Alongside the development of new seed deposition methods, the use of nano-sized seed
has also improved the quality of synthesized membranes [36, 72, 2|. Indeed, nanometric sizes
(around 100nm) enable a more homogeneous distribution of seeds on the support. In order to
exploit macroporous supports, Li et al. [37] suggested using larger seeds, followed by finer seeds
to promote homogeneous membrane growth.

However, the synthesis of these nanometric seeds is complicated and requires fine control
of powder synthesis conditions. They can also be obtained by fine grinding of micronsized
zeolite particles down to nanometric size [72]. In addition, the poor adhesion of the seeds to
the support can subsequently lead to major defects in the membrane. Li et al. [36] anneal their
substrate at 200°C after dip-coating in order to chemically bond the LTA seeds to the substrate.
According to their study, this annealing step is responsible for the low presence of defects in
their membrane. Chen et al. [11] and Li et al. [37] preheat the seed suspension at different
temperatures according to the seed size to improve control of seed deposition on the support

(seed layer thickness and coverage).

I1.1.3 Zeolite membranes for methanol synthesis

Zeolite membranes were initially used for solvent dehydration by pervaporation (a membrane
process with a liquid retentate and a gaseous permeate). However, the mild conditions in

pervaporation (<100°C) make the selectivity of zeolite membranes less sensitive to the presence
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of defects [6]. Thus, new protocols for synthesizing high-quality zeolite membranes tested above
200°C had to be developed in order to obtain high-performance zeolite membranes in a membrane
reactor for methanol synthesis (the aim is to separate the water generated at high temperature
(>200°C)). The zeolite membrane must therefore have good hydrophilicity (characterized by
a low Si/Al ratio) and must not degrade during operation. To expand the range of zeolite
membranes discussed in this section, membranes tested for DME synthesis, which operate under
conditions similar to methanol synthesis, are also included in this literature review. Several types
of zeolite have been used in methanol synthesis: LTA, SOD, Zeolite Socony Mobil-5 (ZSM-5),
MOR, Linde type T (T) and CHA (Table II.2).

LTA membranes largely dominate the literature for methanol and DME synthesis and to
date, only defect-free LTA membranes have shown concrete evidence in intensifying this re-
action [41]. Numerous experimental examples of LTA zeolite membranes tested at reaction
conditions (>200°C, >20 bar) are available in the literature (Table II.2). This structure shows
high selectivities thanks to its excellent hydrophilicity (linked to its Si/Al ratio of 1) and high
water permeances thanks to its moderate pore size (4.1A for NaA). In addition, LTA zeolite was
the first structure to be commercialized as a membrane and thus benefits from a very extensive
bibliographic background [72]. Primary growth synthesis techniques [74] and secondary growth
[36, 59] are available for the manufacture of high-performance LTA membranes.

Some examples of SOD membranes applied to methanol and DME synthesis can be found
in the literature [34, 70]. These membranes have a finer pore size than LTA zeolite (2.7A),
enabling them to act as molecular sieves between water and the rest of the molecules, whereas
molecules are separated mainly by surface diffusion in the case of LTA zeolite. In this sense, the
selectivities of SOD membranes are theoretically higher than those of LTA membranes. However,
the finer pore size induces lower permeances than for LTA membranes [41]. Despite this, the
SOD membranes shown in Table I1.2 still fail to match the selectivities of LTA membranes.

In their study, Raso et al. [55] compared MOR, T and CHA membranes with an LTA
membrane for the separation of HoO/Hs/CO2 mixtures above 200°C. Their conclusions exclude
MOR membranes because of their insufficient selectivity at reaction conditions (separation fac-
tors HoO/Hs <1) and T membranes because of their instability above 200°C (separation factor
Hy /Ny divided by around 200 after testing at 215°C). The selectivities of CHA membranes are
also lower than those of LTA membranes (maximum HpO/COq separation factor of 3). Fi-
nally, Raso et al. [55] conclude that the LTA membrane largely outperforms MOR, T and
CHA membranes for separating HoO/Hg/CO2 mixtures above 200°C. Among the various zeolite
membranes reported in the literature, LTA and SOD zeolites are selected for their performances
in terms of permeance and selective water separation above 200°C. The following sub-sections
detail each type of zeolite with their specific features, structure and the synthesis techniques

applied to these membranes.
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Table I1.2: Zeolite membranes tested above 200°C for water

separation in methanol/DME synthesis.

Permeance H,O

Permselectivities (*separation factor)

Zeolite Support Synthesis route Thickness (nm) (mol.Pa~l.m~2 1) H,0/H, H,0/CO, H,0,/MeOH Ref. Date
LTA a -Al,O3 In-situ - ~1077 - - - [21] 2004
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Section II.1

I1.1.3.1 LTA (Linde Type A)
I1.1.3.1.a Structure and features

Linde Type A (LTA) zeolite (Figure I1.7a) is characterized by the chemical formula [Naj2(H20)27|
[Al12S5112048]s corresponding to its hydrated form (the most common). In this form, LTA zeolite
is called NaA, but the sodium ion may be substituted by another ion such as lithium (LiA),
calcium (CaA) or potassium (KA) [31]. The three CBUs making up LTA zeolite are d4r, a-cage
and [-cage (Figure I1.7b). Charge-compensating cations are found in the a-cage and [-cage,
they can exchange/diffuse through the pore network structured by the 8-rings of the [-cage.
The size of these pores depends on the nature of the charge-compensating cation contained in
the zeolite (3.0 A for KA; 4.1 A for NaA; 5.0 A for CaA) [31]. Some examples in the literature
name the different LTAs according to their pore size and not according to the cation hosted.
Thus, zeolite KA is called 3A, zeolite NaA is called 4A and zeolite CaA is called 5A [31].

Figure II.7: a) Structure of LTA zeolite. b) CBUs making up the LTA structure [43].

11.1.3.1.b  Synthesis techniques

The literature on the synthesis of high-quality LTA membranes is relatively extensive, and
reliable synthesis methods are described for both primary and secondary growth.

LTA membrane synthesis conditions are generally mild, with hydrothermal synthesis tem-
peratures generally around 60-80°C (Table II.3). The molar composition of the commonly used
synthesis gel is 1 AlsO3 : 5 SiOy : 50 NagO : 1000 HyO (Table I1.3). For the synthesis of
LTA membranes, conventional hydrothermal synthesis takes around 24 h (Table I1.3), whereas
microwave-assisted hydrothermal syntheses are much shorter, with reaction times of only a few
tens of minutes [68, 4, 24, 73]. However, no microwave-synthesized LTA membranes tested for

gas permeation of water vapor above 200°C have been found in the literature.
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Table I1.3: Synthesis conditions for LTA membranes tested for water gas permeation above
200°C. *APTES-treated supports.

Molar composition

Ageing duration . . Number
Method of the gel of the Synthesis Synthesis of Refs.
(AlO3 : SiOy : . . duration temperature
synthesis solution syntheses
NayO : H,0)
In-Situ* 1:5:50:1000 1 night 24h 60°C 1 [70]
In-Situ 1:5:50:1000 - 20h 50°C 2-3 [20]
Ez-Situ 0.5:1:1:75 - 4h 100°C 1 [55, 23]
Ex-Situ 1:2:3:200 - 24h 70°C 1 [35]
Ez-Situ 1:5:50:1000 6h 5h 80°C 1 [36]
Ez-Situ 0.21:1:0.27:38 6h 72h 120°C 1 [42]
In-Situ* 1:5:50:1000 - 24h 60°C 1 [74]
Ez-Situ 1:5:50:1000 - 24h 60°C 1 [15]

To synthesize LTA membranes by primary growth, the use of supports functionalized by
a chemical ligand (such as APTES) is commonplace. Indeed, without a chemical ligand, the
membranes present numerous inter-crystalline defects unfavorable to molecular separation se-
lectivity. Thus, Huang’s team was able to synthesize various LTA membranes with few defects
with their protocol using APTES [29].

Progress on LTA membrane synthesis techniques by secondary growth has been made on
the support seeding step. Li et al. [36] attribute the high quality of their membrane to the use
of LTA nano-seeds and the use of annealing at 200°C after dip-coating, in order to chemically
bond the seeds to the ceramic support.

Liu et al. [42, 59] have taken advantage of recent advances in the synthesis of silica-rich
LTA zeolite [12] to produce a membrane combining hydrophilicity and hydrothermal stability.
The seeding protocol uses rub-coating (deposition of LTA seeds on the support by friction)
with silica-rich LTA seeds (synthesized according to the protocol of Conato et al. [12]). What
differentiates the method of Liu et al. [42] from the rest of the literature, is the high synthesis
temperature of 120°C, the very long synthesis time of 72h and the molar composition of their
gel of 0.21 Al,O3 : SiO9 : 0.27 NagO : 38 HoO (much more concentrated with few NagO than
the conventional gel composition of 1 AloO3 : 5 SiO9 : 50 NagO : 1000 H20).

I1.1.3.2 SOD (Sodalite)
I1.1.3.2.a Structure and features

Unlike the LTA structure, the Sodalite (SOD) structure (Figure I1.8) consists solely of a-cages.
This structure has a very small pore size of 2.7 A corresponding to the 6-rings of the a-cages.
This structure is therefore the only one capable of acting as a molecular sieve between water
and the other molecules in the reaction mixture. Nevertheless, the presence of defects and
non-zeolitic pores in SOD membranes synthesized in the literature do not make them perfectly
impermeable to other molecules larger than 2.7 A [8, 2, 70]. SOD zeolites are also marked by
their hydrophilicity, with a Si/Al ratio of between 1 and 3. In addition, SOD zeolites show
better hydrothermal stability than the LTA structure, thanks to its higher Si/Al ratio as well
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as its greater structural density [70].

Figure I1.8: Structure of SOD zeolite [60].

11.1.3.2.b Synthesis techniques

The synthesis conditions for SOD membranes are harsher than for LTA membranes, with tem-
peratures generally in excess of 120°C. However, the composition of the synthesis gel remains
similar to that used for LTA membrane synthesis (1 AlaO3 : 5 SiO2 : 50 NagO : 1000 H20).

Table I1.4: Synthesis conditions of SOD membranes tested for water gas permeation above
200°C (*Except van Niekerk et al. [51]).

Molar composition

of the gel Ageing duration  Synthesis Synthesis Number of
Method ] . Refs.
(Al,O3 : SiOg : of the gel duration temperature syntheses
NaQO H H20)
In-Situ 1:5:50:1005 1 night 24h 120°C 2 [70, 71]
Ex-Situ 1:5:50:1005 - 3.5h 140°C 3 [34]
1:5:50:450 6h 6h
In-Situ (Synthesis 1) (Synthesis 1) (Synthesis 1) 90°C 5 i51]
1:5:50:500 4h 5h
(Synthesis 2) (Synthesis 2) (Synthesis 2)

Wang et al. [71] explored in-situ SOD membrane synthesis for water separation for methanol
synthesis. In their protocol, two consecutive syntheses at 120°C and for 24 h were applied to
obtain a homogeneous layer of SOD zeolite. Their study illustrates the difficulty of synthesizing
a homogeneous layer of SOD on a support after only one in-situ synthesis.

The ex-situ route was explored by Lafleur et al. [34]. Germs are deposited on the support
using the ”pore-plugging” method, which consists in plugging the pores of the support with SOD
germs by applying a pressure gradient across the support. Using this technique, the authors
succeeded in creating a homogeneous layer of seeds inside the support. Next, three hydrothermal
syntheses at 140°C for 3.5h (inspired by the protocol of Khajavi et al. [33]) were used to grow
the seeds in the SOD membrane.

To extend the list of protocols shown in Table II.4 the protocol of van Niekerk et al. [51]
whose membranes have not been tested above 200°C, is presented here. A particular feature of

this protocol is that it achieves membrane deposition at a lower temperature (90°C) by carrying
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out two consecutive hydrothermal syntheses with a synthesis gel twice as concentrated as in
the other protocols. The authors note that the high concentration of the synthesis gel enables
selective synthesis of the SOD [51].

I1.1.4 Conclusion

Among the materials studied for water separation in a membrane reactor for methanol and
DME synthesis, microporous zeolite membranes appear to be the most suitable for this purpose.
Indeed, the performance of these materials in terms of selectivity at reaction conditions (>200°C)
far exceeds that of dense polymer membranes and other microporous materials.

In this section, two types of zeolite were selected: LTA and SOD. These structures are char-
acterized by their low Si/Al ratio, which is responsible for their hydrophilicity. In addition,
differences in structure and chemical composition between these zeolites impact membrane per-
formance. Zeolites with smaller pores (such as SOD zeolites) are theoretically more selective
than zeolites with larger pores (such as LTA zeolites). However, the very fine pores of SOD
zeolites are accompanied by a lower permeance trade-off than for LTA zeolites. In addition,
membrane selectivity between polar and apolar molecules is strongly influenced by the zeolite’s
Si/Al ratio. This explains the excellent separation performance of LTA membranes for HoO/CO2
and HyO/Hy mixtures. On the other hand, although a Si/Al ratio close to 1 is targeted to obtain
the most selective membrane possible, a low Si/Al ratio exposes the membrane to hydrothermal
degradation. Thus, membranes richer in silica, such as SOD membranes, will potentially be
more stable than LTA membranes at higher water contents and temperatures.

LTA membranes are the most extensively studied for their application to the hydrogenation
of CO42 to methanol. Very few studies report on SOD membranes tested for water separation
above 200°C. Thus, comparisons between SOD membranes and LTA membranes are difficult.
Further studies on the performance of SOD membranes at reaction conditions are needed in
order to make relevant comparisons on these different structures.

Finally, the cost of manufacturing zeolite membranes is currently a major obstacle to their
democratization. Given that most of the economic and environmental impact is linked to the
manufacture of the support, research into new supports that are more competitive in these

respects could make zeolite membranes more viable.
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I1.2 Development of preparation methods for high-quality zeo-

lite membranes

In this section, preparation methods for thin defect-free membranes will be developed from the
recent advances in the field. First, synthesis conditions and parameters will be studied on short
1 cm long membrane samples (Section I1.2.2). Then, selected membrane preparation protocols
will be scaled-up to 5 cm long supports for gas permeation trials (Section I11.2.3). All of the
experiments presented in this section were conducted at CEA Marcoule’s LPSD (Laboratoire de

Procédés Super-critiques et de Décontamination) under the supervision of Dr. Audrey Hertz.

I1.2.1 Materials and methods
11.2.1.1 Membrane support
I1.2.1.1.a Materials

Porous a-AlyO3 tubes (inner diameter: 6 mm, outer diameter: 10 mm, Pall Corporation) were
used as membrane supports. The structure of the supports contained three layers: a thick
layer on the outer wall of the tube made from coarse particles (pore diameter = 12pm), an
intermediate layer (pore diameter = 0.8 pm) and a thin layer on the inner wall of the tube,
on which the zeolite membranes are synthesized upon (pore diameter = 200nm) (Figure I1.9).
The supports were cut to be 1 cm long in Sections I1.2.2 and 5cm in Section 11.2.3. Flat dense
alumina plates (1 mm thick, 7x7 mm wide, Final Advanced Materials) were also used as support

for zeolite deposit, for XRD analysis.

Pore diameter
1 200nm

0.8 um

12 um

Figure I1.9: a) 1 cm long alumina tubular support. b) 5cm long alumina tubular support, c)
SEM micrographs of the side cut of the bare tubular alumina support employed in this study.

11.2.1.1.b Sealing procedure

The 5 cm long zeolite membranes, prepared for gas permeation, had 1cm of both ends of their
supports sealed using a clear glaze (Duncan Envizion IN1001). The extremities of the support
were dipped in the liquid glaze and left to dry at ambient temperature until the glaze hardened.
This procedure was repeated twice more to get sufficient glaze coverage on the support. After-

wards, the supports were placed in an oven under air and the following program was employed
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to set the following temperatures: ambient temperature to 900°C (1°C/min), 900°C held for
20 min, 900°C to ambient temperature (5°C/min).

Figure 11.10: Photograph of a side cut of a glazed support taken on an optical microscope.

While this glazing procedure produced bubbles inside the glaze layer, their diameters being
at maximum 50 pm should not create pinholes on the 200 to 300 pm thick glaze layer (Figure
I1.10).

11.2.1.1.c Support treatment

Prior to any support treatment, the tubular supports were washed in ethanol under ultrasounds

for 5 minutes and then dried at 80°C overnight.

APTES treatment for primary growth For the primary growth protocols, the supports
were treated with 3-aminopropyltriethoxysilane (APTES, 99%, Sigma-Aldrich) according to a
procedure inspired by A.Huang’s team [28, 29, 74, 75].

For the Sections [1.2.2.1.c and 11.2.2.1.b, the supports were immersed in an APTES solution
in toluene with a concentration of 50g/L. Then the solution with the supports was heated to
reflux (110°C) under air. The supports were subsequently dried at 80°C overnight. Finally, the
supports were washed with ethanol in a Soxlhet extractor for 24h then dried again at 80°C

overnight.

Dip-Coating for secondary growth The supports were seeded by dip-coating with the
as-synthesized sub-micronic LTA seeds with a procedure inspired by Li et al. [36]. A slurry of
LTA seeds with a concentration of 1wt.% in deionized water was sonicated for 30 minutes in
order to uniformly disperse the seeds. The tubular supports were slowly immersed in the slurry
for 20 seconds before drying at 80°C for at least 3 hours. The procedure was repeated three
times for the short 1 cm long LTA membranes and only twice for the 5cm long LTA membranes.

Afterwards, the supports were placed overnight in an oven at 200°C.
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11.2.1.2 Hydrothermal synthesis
11.2.1.2.a Chemicals

To produce the various synthesis gels, the following chemicals were used as received: fumed
silica (SiO2, Sigma-Aldrich) as Si source; sodium aluminate (NaAlOq, AloO3: 50-56 wt.%, VWR,
Chemicals) as Al source; sodium hydroxide (NaOH, >98%, Sigma-Aldrich). Deionized water

was homemade.

I1.2.1.2.b Reaction vessels

Stainless steel reaction vessels (Parr) were employed, incorporating a Teflon cup for hydrothermal
synthesis. The Teflon cup has a volume of 125 mL, with internal dimensions characterized by
an inside diameter of 44.5 mm and an inside depth of 82.6 mm.

For the preparation of the 5 cm long membranes (Section I1.2.3), custom Teflon holders were
crafted to hold the support vertically. The two Teflon holders crafted were 6 cm tall and 4 cm
wide in diameter and had four 5 cm deep holes which are 1.1 cm wide in diameter (Figure II.11a).
The Teflon holders were later cut to be around 4.5 cm tall to accommodate more synthesis gel
inside the hydrothermal vessel (Figure II.11b). Dimensions between the two Teflon holders
varied slightly as both holders were hand-crafted.
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Figure II1.11: Up to scale layout of the hydrothermal vessel employed for the 5 cm long
membrane preparations: (a) configuration with low quantities of synthesis gel, (b)
configuration with high quantities of synthesis gel. (c) Photograph of one of the custom-made
Teflon holders with a bare support half-way inserted.

11.2.1.2.c LTA seeds preparation

Sub-micronic sized LTA seeds were synthesized for the preparation of LTA membranes through
hydrothermal synthesis. The following procedure was followed to produce around 5g of LTA
seeds. A sodium aluminate solution (5.75g NaAlOg in 35 mL of deionized water) and a sodium
hydroxide solution (2.65g of NaOH in 26.25 g of deionized water) were simultaneously poured
in a Teflon cup. 2g of fumed silica were then added before closing the reaction vessel. The
reaction vessel was heated in an oven at 40°C for 20h and then at 120°C for 2h. The obtained
product was filtered and washed with 1L of deionized water and finally dried at 80°C overnight.
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The resulting LTA seeds ranged from 200 to 400 nm in size.

11.2.1.2.d LTA membrane preparation

A synthesis gel was prepared by mixing a sodium aluminate solution with a silica and sodium
hydroxide solution. The resulting solution was then aged under stirring at ambient temperature
for 20 h.

For the hydrothermal synthesis of the short 1 cm long LTA membranes, the outer wall of the
supports was sealed with Teflon tape. Then, the supports were placed in the Teflon cup and
held vertically. The synthesis gel was poured inside the Teflon cup and the reaction vessel was
sealed and placed inside an oven at a set temperature for a set amount of time.

For the hydrothermal syntheses of the 5cm long LTA membranes for gas permeation, the
outer wall of the seeded supports was sealed with Teflon tape and put inside the custom-made
Teflon holder. Then, the supports inside the Teflon holder were placed in Teflon cup. The
synthesis gel was then poured until all the membranes were submerged (Figure II.11a) and
the hydrothermal vessel was sealed. For the syntheses with higher amounts of synthesis gel,
the cut Teflon holder was used and the Teflon cup was completely filled. In this latter case,
the hydrothermal vessel remained unsealed for safety concerns (Figure II.11b). The amount of
synthesis the introduced gel varied according to the number of membranes being synthesized
and which Teflon holder was employed.

After the hydrothermal synthesis, the membranes were thoroughly rinsed with deionized
water and then sonicated in deionized water for 5 minutes to remove the unreacted gel for better
observations on the microscope. Finally, the LTA membranes were dried at 80°C overnight and
the SOD membranes were dried at room temperature until the weight of the membranes were
stable.

Table II.5 summarizes all the synthesis conditions involved for LTA membrane preparation

in each section.

Table I1.5: Reaction conditions for LTA membrane preparation in each section.

Molar composition . )
Ageing duration

f th 1 Synthesi Synthesi
Section Method © © 8¢ of the YRERGSIS yRERests
(A1;03 : SiOs : . . duration temperature
synthesis solution
NaQO H HQO)
I1.2.2.1.a Both 1:5:50:1000 20h 24h 60°C
11.2.2.1.b Both 1:5:50:1000 2h/20h 24h 60°C
[1.2.2.1.c  In-situ 1:5:50:1000 20h 24h/30h/48h 60°C/80°C
I1.2.3.1 Ex-situ 1:5:50:1000 20h 24h 60°C

11.2.1.2.e SOD membrane preparation

The preparation of SOD membranes involved either one or two consecutive hydrothermal synthe-
ses. For a hydrothermal synthesis, a synthesis gel was prepared by mixing a sodium aluminate
solution with a silica and sodium hydroxide solution and aged for 20 hours prior to the hy-

drothermal synthesis. Afterwards, the outer wall of the seeded supports was sealed with Teflon
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tape and put inside the Teflon cup. The synthesis gel was then poured in the reaction vessel
and then placed in an oven at the desired reaction conditions.

After the hydrothermal synthesis, the membranes were thoroughly rinsed with deionized
water and then sonicated in deionized water for 5 minutes to remove the unreacted gel for
better observations on the microscope. Finally, the membranes were dried at room temperature
until the masses of the membrane were stable.

For the hydrothermal syntheses of the 5cm long SOD membranes for gas permeation, the
supports were put inside the shorter 4.5cm long version of the custom-made Teflon holder.
Then, the supports inside the Teflon holder were placed in a Teflon cup and the synthesis gel
was poured until the Teflon cup was completely filled (see Figure I1.11Db).

Table I1.6 summarizes all the synthesis conditions involved in each section.

Table I1.6: Reaction conditions for SOD membrane preparation in each section.

Molar composition Molar composition

of the gel of the gel Ageing duration . .
. . i Synthesis Synthesis
Section (Al O3 : SiO; : (Al;O3 : SiO; : of the .
. . duration temperature

NayO : HyO) NayO : HyO) synthesis solution

(Synthesis 1) (Synthesis 2)
11.2.2.2 1:5:50:500 - 20h 24h 60°C
11.2.2.2 1:5:50:450 1:5:50:500 20h 6h (1st) / 8h (2nd) 90°C
11.2.2.2 1:5:50:1000 - 20h 24h 120°C
11.2.2.2 1:5:50:1000 - 20h 3h30 140°C
11.2.3.2 1:5:50:450 1:5:50:500 20h 6h (1st) / 8h (2nd) 90°C

11.2.1.3 Membrane characterization
11.2.1.3.a Crystalline structure

Crystalline structure of the zeolite powders and membranes were analyzed by XRD. Diffrac-
tograms were used to identify the synthesized zeolite structure and assess any side phases present
in the sample.

The diffractograms were produced at CEA Marcoule’s LFCM (Laboratoire de Formulation
et Caractérisation des Matériaux minéraux) under the supervision of Pascal Antonucci, using
a Panalytical X’Pert MPD Pro instrument. The X-ray source employed was a copper anode
(AKal = 1.5406 A) operating at 60kV and 40mA, with an X’Celerator detector in Bragg-
Brentano geometry.

Zeolite membranes deposited on flat dense alumina plates were fixed on a stainless steel

support with an adhesive paste for the XRD analysis.

11.2.1.3.b Micrography

A SEM was used to qualitatively assess defects on the synthesized membranes and to measure
the size of zeolite crystals and membrane thicknesses.

SEM characterizations were carried out with a beam voltage set between 10 KV and 20 KV on
a Tungsten Scanning Electron Microscope (FEI - INSPECT S50), available at CEA Marcoule’s
LFCM/LPSD laboratories under the supervision of David Rudloff and Dr. Audrey Hertz. Non-
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conductive samples are placed on an analysis pad covered with a self-adhesive carbon pad. A
thin layer of platinum (a few A) is then sputtered on to ensure electron conduction and avoid

charge effects.

11.2.1.3.c Ninhydrine assay

A ninhydrine assay was conducted to identify the presence of APTES on the support after the
functionalization step. Ninhydrine is a chemical agent that reacts with primary amine groups
to produce a distinctive purple compound (Equation I1.4). If the APTES functionalization is
successful, the ninhydrine reagent will react with the amine groups of the aminosilane bound to

the support, producing a purple shade on the wall of the support.

0 ) o o
OH nH (|:HCO0H (I? co 4H.0
2 > . g +
OH HO O‘ N * /C\ : g
R H
2 2 9 (IL.4)

To conduct this assay, supports were dipped in a 2% solution of ninhydrine (C9HgO4, Merck)

in ethanol. Afterwards, the samples were left still under air while awaiting the change in color.

11.2.1.3.d Rheology

The viscosity of synthesis gels was measured using a TA Instrument DHR-1 rheometer to inves-

tigate on reactant diffusion within the static hydrothermal synthesis conditions.

I1.2.2 Investigating hydrothermal synthesis parameters for LTA and SOD
membrane preparation

The aim of this subsection is to develop and adapt preparation methods for the synthesis of
high-quality LTA and SOD membranes. To reach this goal, primary growth and secondary
growth preparation methods (inspired by the recent advances in the literature) are evaluated
on small membrane samples (1cm long). A study of the main parameters of each step of the
membrane preparation is presented to understand the key factors for achieving defect-free LTA

and SOD membranes.

11.2.2.1 LTA membrane preparation
11.2.2.1.a Effects of the support treatment

Two methods for support treatment were tried. The first method is a APTES functionalization
method inspired by Huang et al. [28, 29, 74, 75], which goal is to generate an anchor point
for the zeolite crystal during their nucleation step. The second one is seeding the support by
dip-coating it in a slurry of nano-sized LTA crystal. This second method aims to decouple
the nucleation step from the hydrothermal synthesis by depositing LTA seeds directly on the
support.
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Figure 11.12: SEM micrographs of LTA membranes prepared through primary and secondary
growth with various support treatments: (a) APTES treated support, (b) dip-coated support,
(c) untreated support.

SEM micrographs of the support after hydrothermal synthesis are featured on Figure 11.12.
The dip-coated support displays a denser layer of LTA zeolite compared to the untreated support
while the APTES-treated support displays negligible density gains compared to the untreated
support. The dip-coated support exhibits smaller but more intertwined crystals, which corre-
spond to the growth of the deposited LTA seeds (Figure 11.12). The APTES-treated and the
untreated support both features slightly bigger crystals more distant to one another and some

defects are visible on the corresponding micrographs.

Figure I1.13: Photograph of supports after the ninhydrine assay. Left: untreated support,
right: APTES-treated support.

To explore the effectiveness of the APTES treatment, a ninhydrine assay was conducted to
qualitatively assess whether the APTES functionalization was successful or not. In Figure I1.13,
the support treated with APTES exhibits a higher intensity of purple coloration than the un-
treated support. These photographs indicate that at least some APTES are being fixed on the
support during the functionalization step. Various attempts were undertaken by changing the
APTES solution concentration within the range of 0.13 to 67 g/L, adjust the functionalization
duration from 1.5 to 72 hours, conduct the functionalization step under N9, and omit the wash-
ing step in the Soxhlet extractor. Nevertheless, all these attempts yielded similar unenhanced
membrane density after hydrothermal synthesis compared to the untreated support.

According to Noack et al. [54], the shortcomings of primary growth protocols on untreated
supports originate from the high aluminum content of LTA crystals, resulting in a negatively

charged surface on the crystals. Moreover, Huang et al. [28] showed that at synthesis pH,
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the surface of the Al,O3 support is also negatively charged. During hydrothermal synthesis,
negative charges repel zeolite crystals from each other and from the support, resulting in the
formation of defects. The role of APTES is to mitigate the negative charge of the support which
would reduce the repulsive forces between the support and the zeolite crystals [28]. However,

this effect could not be reproduced in the experiments performed here.

a)

Figure I1.14: SEM micrographs of a (a) bare alumina support, (b) support seeded with LTA
seeds.

Seeding of the support is effective in producing a well-intergrown LTA membrane after hy-
drothermal synthesis. The success of this method lies in the high density of nanosized LTA
seeds deposited onto the support (Figure I1.14). Furthermore, by not requiring the nucleation
step during hydrothermal synthesis, a well-intergrown LTA membrane can be achieved under
conditions in which the same outcome cannot be reproducible for primary growth methods even
with support treatment. These results are consistent with trends in the literature where sec-
ondary growth protocols have become more popular due to being less prone to the formation
of defects [72]. Nevertheless, secondary growth protocols are more complex and require extra

steps, involving synthesizing the seeds separately and seeding the support material.

11.2.2.1.b Effect of ageing duration of the synthesis gel

The study of ageing duration of the synthesis gel was done on LTA membranes grown with

primary and secondary growth protocols.
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Figure 11.15: SEM micrographs of LTA membrane prepared through primary and secondary
growth with synthesis gel aged with various durations: (a) primary growth - 2h, (b) primary
growth - 20 h, (c) secondary growth - 2h, (d) secondary growth - 20 h.

On the SEM micrographs featured on Figure I1.15, increasing the ageing duration of the
synthesis gel leads to denser LTA deposits for the primary growth protocol, covering previously
bare support surfaces. In contrast, ageing duration of the synthesis gel seems to make minimal
to negligible differences on the density of the LTA deposit for the secondary growth protocol.

In primary growth, the nucleation and the growth of zeolites crystals on the support happen
simultaneously during the hydrothermal synthesis. Conversely, in secondary growth, the nucle-
ation step is decoupled from the growth step. Prolonged ageing of the synthesis gel produces
additional zeolite nuclei within the gel before hydrothermal synthesis and thus partly alleviates
the nucleation step for the primary growth protocol. The secondary growth protocol does not
experience this benefit, as its nucleation step is manually achieved prior to the hydrothermal

synthesis.

11.2.2.1.c Effects of the temperature and duration of the hydrothermal synthesis

The diffractograms featured on Figure I1.16 display the formation of side phases aside LTA. Small
rays belonging to the FAU phase are visible after a hydrothermal synthesis at 60°C for 24 h. The
same rays appear bigger in comparison to the LTA ones after a synthesis at a temperature of
80°C for 24 h. This observation is corroborated with the SEM micrographs exhibited on Figure
11.17, on which the main crystal visible at 60°C are cubic ones, identifiable to the LTA phase. At
80°C, the cubic LTA crystals are less prominent and octahedral shaped crystals, identifiable as
FAU, become much more noticeable while some shard-like crystals, identifiable as SOD, become

visible.
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Figure I1.16: XRD diffractograms of LTA membranes prepared through hydrothermal
synthesis with the following conditions: (a) 60°C - 24 h, (b) 60°C - 30h, (c) 60°C - 48h, (d)
80°C - 24h. ® LTA, A FAU, ~ alumina support.
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Synthesis duration is also detrimental to the LTA phases. As seen on the diffractograms
on Figure 11.16, LTA rays are the most distinguishable after 24h of hydrothermal synthesis
and some smaller rays belonging mainly to the FAU phase are visible. These smaller rays are
increasing with longer synthesis duration. The same observation can be made on the SEM
micrograph (Figure I1.17). After 24 h of synthesis, the main crystals observable are the cubic
crystals of the LTA phase. Moreover, the octahedral shaped FAU crystals are more noticeable

as the synthesis duration is increased.
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Figure I1.17: SEM micrographs of LTA membranes prepared through hydrothermal synthesis
with the following conditions: (a,b) 60°C - 24 h, (c,d) 60°C - 30h, (e,f) 60°C - 48, (g,h) 80°C -
24 h.

All synthesis conditions yielded membrane that were around 3 to 4 pm thick with the presence

of defects (Figure I1.17b,d,f,h). Thus, no relationship was found concerning the thickness of LTA

membranes relative to the synthesis temperature and duration.
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Figure 11.18: Zeolite phase distribution for LTA membrane preparation through hydrothermal
synthesis ranging from 60 to 80°C and from 24 to 48 h.

These observations on the study of the temperature and duration of the hydrothermal syn-
thesis (Figure I1.18) match the ones found by Arepalli et al. [2] in their study on the synthesis
of H-SOD powders, in which they used similar gel composition albeit at higher temperature
and shorter duration. LTA being the main phase at low temperatures and synthesis durations
suggest that this phase is kinetically favorable over FAU and SOD zeolites in fresh synthesis gel.
However, the LTA phase seems to be thermodynamically unstable and transforms into either
FAU or SOD.

11.2.2.2 SOD membrane preparation

Higher synthesis temperatures were tried with the aim of synthesizing a defect free SOD mem-

brane.
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Figure 11.19: XRD diffractograms of SOD membranes prepared through hydrothermal
synthesis with the following conditions: (a) two successive hydrothermal syntheses (90°C - 6 h
then 90°C - 8h), (b) 120°C - 24 h, (c¢) 140°C - 3h 30 min. ¢ SOD, - alumina support.

The most significant rays featured on Figure I1.19 belong to the SOD phase and the AlsOg
plate. Thus, higher synthesis temperatures increase the selectivity of the growth of SOD crystal
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even though some big LTA crystal remains observable on the SEM micrographs (Figure 11.20c).
However, unlike LTA crystals which tend to homogeneously cover the surface of the support,
the shard like SOD crystals form spherical shapes that leave significant uncovered surface on
the support (Figure I1.20a,c). Crystal growth kinetics are greatly accelerated at higher temper-
atures, producing much bigger and more intertwined crystals even with much shorter synthesis
duration (Figure 11.20d). Conversely, the high temperature conditions produced undesirably

thick membranes which would likely hinder permeation performances (Table I1.21).

Figure 11.20: SEM micrographs of SOD membranes prepared through hydrothermal synthesis
with the following conditions: (a) 60°C - 24 h, (b) two successive hydrothermal syntheses (90°C
- 6h then 90°C - 81), (c) 120°C - 24, (d) 140°C - 3 h 30 min.

By increasing the gel concentration to 1 AloO3 : 5 SiOy : 50 NasO : 500 H5O, it was
found by serendipity that SOD shard like crystals can selectively grow at temperatures as low
as 60°C (Figure II1.20a). The modified composition of the gel either plays a role in what phase is
kinetically favorable or accelerates kinetics for the phase transition from LTA to SOD. However,
as aforementioned, the SOD crystals still agglomerate in spherical shapes leaving significant
gaps of uncovered support (Figure I1.20a).
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Figure I1.21: SEM micrographs of the side cut of SOD membranes prepared through
hydrothermal synthesis with the following conditions: (a) two successive hydrothermal
syntheses (90°C - 6h then 90°C - 8h), (b) 120°C - 24 h, (c¢) 140°C - 3h 30 min.

In an attempt to fill in the gaps between crystals, a protocol with two successive hydrothermal
syntheses inspired by Van Niekerk et al. [51] was implemented.

After the first synthesis, the surface of the support is sparsely populated with agglomerates
of SOD crystals (Figure 11.22a). However, the second successive synthesis yields a dense layer
of SOD zeolite and no defects have been seen on the SEM micrographs (Figure I1.22b). As
mentioned by Van Niekerk et al. [51], this two consecutive hydrothermal syntheses protocol can
be analog to a secondary growth method, where the first synthesis would seed the support of SOD
crystals while the second one would grow the SOD crystals to form the membrane. Moreover,
even after two successive hydrothermal syntheses, the low temperature syntheses yield thin SOD

membranes with thicknesses around 4 pm (Table I1.21a).

Figure 11.22: SEM micrographs of SOD membranes prepared through two successive
hydrothermal syntheses: (a) after the first synthesis (90°C - 6h), (b) after the second synthesis
(90°C - 81).

11.2.2.3 Thermal stability of LTA and SOD membranes

After a drying step at 80°C of LTA and SOD membranes, it was observed that SOD membranes
were prone to crack while LTA membranes remained unchanged (Figure 11.23b,c). However,

fracture of the SOD membrane can be prevented by drying the membrane at room temperature
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(Figure I1.23a). These observations sparked this study of the thermal stability of LTA and SOD

membrane at methanol synthesis reaction temperature ranging from 200°C to 300°C.

Figure 11.23: SEM micrographs SOD and LTA membrane after drying at (a) room
temperature (SOD), (b) 80°C (SOD), (c) 80°C (LTA).

To further investigate the thermal stability of LTA and SOD membranes, samples were placed
in an oven under air and heated 200°C for 24h. The heating rate was set to 1°C/min and the
cooling rate was set to 5°C/min. On the SEM micrographs featured on Figure I1.24a,b, it can be
seen that both LTA and SOD display no crack after being exposed to 200°C. Thus, during the
previous drying step at 80°C, thermal shock, due to rapidly exposing the membrane to ambient
temperature (after taking them out of the oven), is likely responsible for the crack formation in
the SOD samples.

To investigate the limits of the thermal stability of both LTA and SOD samples, the temper-
ature was further increased to 300°C and the heating rate to 5°C/min. Cooling rate remained
unchanged at 5°C/min. While the LTA sample is able to withstand the harsher temperature,
the SOD sample displays wide and pronounced fractures (Figure I1.24c,d). These observations

insist on the superior thermal stability of LTA membranes compared to SOD membranes.
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Figure I1.24: SEM micrographs of SOD and LTA membranes after a thermal stress test. (a)
SOD: 200°C (at 1°C/min), (b) LTA: 200°C (at 1°C/min), (c) SOD: 300°C (at 5°C/min), (d)
LTA: 300°C (at 5°C/min).

Wang et al. have described SOD zeolites as having a higher thermal stability than L'TA zeolite
owing to their higher structural density [71, 70]. However, in our experiments, SOD membranes
were shown to be more sensitive to temperature changes compared to LTA membranes. This
discrepancy may be attributed to the dry conditions of our experiments that would lead to the
dehydration of the SOD zeolite. The SOD structure being stabilized through hydrogen bonds
between the adsorbed water and its framework oxygen atoms [71, 64], the rapid removal of this

structural water could have hypothetically caused the formation of cracks in our samples.

I1.2.3 Scale-up of membrane preparation methods

The previous section examined several crucial parameters for preparing LTA and SOD mem-
branes through hydrothermal synthesis. However, this study was conducted on short 1cm long
samples whereas longer membranes are required for the permeation studies. This section utilizes
the parameters that produced the highest quality and thinnest zeolite membranes to perform a
small scale-up of the LTA and SOD membrane preparation method. The objective is to achieve

comparable outcomes for 5cm long supports as those observed for 1 cm long supports.

11.2.3.1 Long LTA membrane preparation

The first attempt for synthesizing 5 cm long LTA membranes was conducted with the optimum
synthesis parameters studied the Section I1.2.2.1. For this first attempt, synthesis gel was
poured until all membranes and the Teflon holder were completely submerged (as shown on
Figure II.11a).
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Figure I1.25: SEM micrographs of the first attempt in synthesizing 5 cm long LTA membranes:
(a) top view, (b) side view.

SEM micrographs of the surface of the membrane reveal a deposit of small LTA zeolite
crystals with the presence of wide uncovered support surfaces (Figure I1.25a). The size of
the crystals are smaller than was obtained on the small 1cm long supports (Figure I1.25a).
Furthermore, the membrane is thinner, with an approximate thickness around 1 to 2 pm (Figure
I1.25b). Based on these images, it can be assumed that the membrane’s growth was constrained
by either an insufficient presence or restricted accessibility of the reactants to the support surface.

Increasing the concentration of the synthesis gel could elucidate whether the membrane’s
growth was limited by a deficiency of reactant inside the hydrothermal vessel. However, as seen
in Section I1.2.2.1.c, increasing the synthesis gel concentration leads to the formation of SOD
membrane. As such, the amount of synthesis gel inside the hydrothermal vessel will rather be
studied. To study whether the membrane’s growth was constrained due to low diffusivity of
the reactants towards the support surface, a mixing of the synthesis gel during hydrothermal

synthesis will be attempted.

11.2.3.1.a Study on reactant deficiency during hydrothermal synthesis

To study whether the membrane’s growth in the initial trial was limited by a lack of reactants
inside the hydrothermal vessel, the quantity of synthesis gel was increased. To do so, the Teflon
holder was cut shorter and the hydrothermal vessel was filled completely as described on Figure
IL.11b.
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Figure 11.26: SEM micrographs of the 5 cm long LTA membrane prepared with an increased
amount of synthesis gel: (a) top view, bottom part of the membrane, (b) top view, middle part
of the membrane, (c) top view, top part of the membrane, (d) side view, bottom part of the
membrane, (e) side view, middle part of the membrane, (f) side view, top part of the
membrane.

As observed on the SEM micrographs featured on Figure I1.26, increasing the amount of
synthesis gel has improved the density of the LTA deposit to the point that the surface of
the support is no longer visible from the top views (Figure I1.26a,b,c). Thus, the membrane
synthesized through this method seems defect free. Nevertheless, the membrane exhibits irreg-
ular thickness, with a notably greater thickness evident at the lower portion (Figure 11.26d)
in contrast to the upper section of the membrane (Figure 11.26f). The absence of mixing dur-
ing synthesis is likely to allow a sedimentation of reactants towards the bottom of the vessel.
Consequently, a concentration gradient is established along the membrane’s length, resulting
in disparate availability of reactants between the bottom and top of the hydrothermal vessel.
This asymmetry in reactant distribution contributes to the heterogeneous growth of the zeolite

membrane along its length.

11.2.3.1.b Study on reactant diffusivity within the synthesis gel

The membrane preparation method for this study follows the previous one where the hydrother-
mal vessel was completely filled with synthesis gel and the shorter Teflon holder was employed.
To generate mixing in the synthesis gel, the hydrothermal vessel was put on a moving plate that
moves in circles horizontally. The moving plate was set at 1750 rpm during the reaction. The

whole contraption was then placed in oven for hydrothermal synthesis.
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Figure I1.27: Photograph of the setup employed for generating mixing inside the hydrothermal
vessel. On this picture, the hydrothermal vessel is fixed between two plates which shakes the
vessel horizontally.

Mixing of the synthesis gel lead to more uniform membrane thickness contained between 3
and 4 pm (Figure I1.28d,e,f). Moreover, no defects can be spotted by observing the top views of
the membrane (Figure I1.28a,b,c). Thus, mixing of the synthesis gel prevents the sedimentation
of reactants towards the bottom of the hydrothermal vessel and eliminates the presence of a
concentration gradient along the membrane length. Although the membrane thickness exhibits
greater uniformity because of mixing, it does not surpass that of the thinnest region observed
in the membrane prepared without stirring (Figure I1.26f). Consequently, the introduction of
mixing in the synthesis gel does induce additional membrane growth. This observation suggests
that the growth of the zeolite membrane is unlikely hindered by a lack of diffusion of reactants
towards the membrane surface. It also indicates that the depletion of reactants, due to the

sedimentation of zeolite nuclei to the bottom of the reaction vessel, is not a contributing factor.
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Figure 11.28: SEM micrographs of the 5 cm long LTA membrane prepared with an increased
amount of synthesis gel and mixed during the synthesis: (a) top view, bottom part of the
membrane, (b) top view, middle part of the membrane, (c) top view, top part of the
membrane, (d) side view, bottom part of the membrane, (e) side view, middle part of the
membrane, (f) side view, top part of the membrane.

11.2.3.2 Long SOD membrane preparation

5cm long SOD membrane were prepared with the knowledge acquired during the scale up of the
LTA membrane’s synthesis method. As such, the hydrothermal vessel was completely filled with
synthesis gel and the shorter Teflon holder was employed (as described in Figure I1.11b). No
mixing of the synthesis gel was applied as the moving plate apparatus was unable to withstand

the higher reaction temperatures required for SOD synthesis.
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Figure I1.29: SEM micrographs of the 5 cm long SOD membrane prepared with an increased
amount of synthesis gel: (a) top view, bottom part of the membrane, (b) top view, middle part
of the membrane, (c) top view, top part of the membrane, (d) side view, bottom part of the
membrane, (e) side view, middle part of the membrane, (f) side view, top part of the
membrane.

The SEM micrographs featured on Figure I1.29 present a well intergrown SOD membrane
with no defects visible from the surface. The membrane is acceptably 2-3 pm thick in its thinnest
regions. These observations are in line with the ones made on the preparation of shorter 1cm
long SOD membrane. The improvement due to the increase in quantity of synthesis gel applies
as well as in the synthesis of 5cm long SOD membrane. Furthermore, no thickness gradient is

visible from the micrographs.

11.2.3.3 Numerical investigation of diffusion limitations

To further investigate that the diffusion of reactants inside the synthesis gel of both long LTA and
SOD membrane is the limiting factor of the growth of the membrane, a dimensionless number

(analog to a Damkdhler’s number) comparing diffusion and growth rates was created (Eq. IL.5).

Dif fusionrate  pc,, , A
Da = — 7rm m II.
@ Growth rate ¢ /S t (IL5)
kT
D= B2 (IL.6)
6Ny,

The diffusion rate is calculated through a simplified Fick’s law where the mass concentration

of reactants is supposed to be equal to 0 at the membrane surface and C,, at the center of
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the tubular support. Thus, the characteristic length in this calculation is the radius r; of the
support. The diffusion coefficient D is calculated by the Stokes-Einstein equation with various
zeolite particle radius sizes r,, of LTA seeds formed during the synthesis (equation I1.6). The
growth rate is calculated by weighing the support before and after hydrothermal synthesis Am,
taken from a synthesis with no mixing, in relation to the surface of the support S and the duration
of the synthesis At. This analysis, using this dimensionless number, does not account for the
potential depletion of reactants in the synthesis solution caused by the extent of the reaction or

by the sedimentation of zeolite nuclei towards the bottom of the hydrothermal vessel.

Table I1.7: Viscosity measurements of different composition of synthesis gel at various
temperatures. (a) LTA synthesis gel: 1 AloO3 : 5 SiOg : 50 NagO : 1000 H2O, (b) SOD
synthesis gel: 1 AlO3 : 5 SiO5 : 50 NasO : 500 HyO.

Gel composition (a) (b)
Temperature (°C) 21 60 21 90

Viscosity (Pa.s) ‘4.06-10*3 1.88-107% 1.45-1072 2.66:1073

During the rheological studies of LTA and SOD synthesis gel, the viscosity of both gel
at reaction temperature is around 1073 Pa.s (Table I1.7). According to the calculations of the
Damkéhler’s number (Figure 11.30), the diffusivity of small zeolite nuclei (<10-20 nm) is sufficient
to allow these crystals to contribute to membrane growth, whereas larger zeolite nuclei cannot
reach the support surface in time. This cutoff nuclei size is high enough to suggest that dissolved
silica and alumina as well as small zeolite nuclei are able to participate in the reaction without
requiring a mixing of the gel. This result is in line with what was observed experimentally as

mixing of the synthesis gel displayed no improvement on the membrane synthesis.
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Figure 11.30: Damkdohler’s number calculation for different size of zeolite nuclei. Blue line:

LTA synthesis gel at 60°C, Red Line: SOD synthesis gel at 90°C.

Similarly, Huang et al. [27] reported that gravitational forces caused zeolite powders to settle
at the bottom of the hydrothermal vessel, which hypothetically led to a depletion of reactants in

their synthesis solutions. Similar to our observations, the mixing of the synthesis gel (achieved
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through the use of a vacuum in their study) resulted in a decrease in the thickness gradient of the
zeolite membrane. However, unlike our findings, they observed an enhancement in membrane
growth. Additionally, Tiscareno et al. [66] noted that the application of centrifugal forces to
direct reactants towards the support’s surface improved the quality of the zeolite membrane.
Nevertheless, their study employed substantially higher gel concentrations, likely resulting in

increased viscosity and thus lower diffusivity in a static synthesis environment.

I1.2.4 Conclusion

In this study, the optimal parameters of the hydrothermal synthesis of LTA membranes are
found to be 60°C for 24h. Exceeding these values leads to unwanted SOD and FAU phase
formation. Moreover, an ageing of 20h of the synthesis gel increases the density of the zeolite
membrane layer by generating more zeolite nuclei before synthesis. Support treatment is also
a key element to prevent defects in LTA membranes. Although secondary growth protocols
are more complex than primary growth methods, they are more reliable, allowing for precise
control of crystal growth by decoupling the nucleation and growth steps. However, the synthesis
of nanosized seeds and other additional steps will increase the cost of membrane preparation,
particularly when scaling up from laboratory methods to an industrial level [72].

For the preparation of SOD membranes, the implementation of two successive hydrothermal
syntheses results in the formation of a homogeneous SOD layer on the support. By increasing gel
concentration, SOD membranes are selectively synthesized at lower temperatures. Nevertheless,
findings in the present study indicate that SOD membranes exhibit lower thermal stability
compared to LTA membranes, which contradicts previous reports in the literature.

Increasing the quantity of synthesis gel in the reaction vessel is critical for scaling up LTA
and SOD synthesis methods on 5cm membrane supports. However, mixing the synthesis gel
during synthesis plays a negligible role in membrane growth, as the diffusion of reactants is fast

enough not to impede on crystal growth.
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II.3 Gas and vapor permeation studies

In this section, the separation performances of the membranes synthesized in Section I1.2 are
measured using a custom-made and designed membrane test bench. The objective is to provide
extensive permeance data for all of the species present during methanol synthesis (Hy, COq,
CO, Hy0 and MeOH) at reaction condition (200°C to 280°C). These comprehensive permeation
laws would then be utilized to accurately model membrane behavior at reaction conditions in
membrane reactors models for realistic membrane-assisted process simulations.

This work was conducted at CEA Grenoble’s LRP (Laboratoire des Réacteurs et Procédés)
under the supervision of Dr. Albin CHAISE.

I1.3.1 Materials and methods
11.3.1.1 Permeation experiments

11.3.1.1.a Experimental setup

The permeation performances of selected LTA and SOD membranes were determined in a

custom-made membrane test-bench represented on Figure I1.31.
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Figure 11.31: Experimental setup for the permeation experiments.

Gases (Hg, CO9 and CO) were fed from individual gas cylinder stacks to the test bench using
Bronkhorst EL-FLOW Select mass flow controllers (MFCs). Liquids (HoO and MeOH) were
pumped from a reservoir containing an equimolar mixture of water and methanol and then fed
using a Bronkhorst LIQUI-FLOW MFC. The flowrate of every gas and liquid were calculated to
produce an equimolar Hy /CO2/CO/H20/MeOH mixture. Thus, the flowrate for each individual
gas was 0.5 NL/min and the corresponding liquid flowrate was 67 g/h. All gases and liquid were
fed to the Controlled Evaporation Mixing (CEM) (Bronkhorst), set to 200°C to evaporate and
mix water and methanol vapors to the gases. This equimolar mixture was then fed, using heated

lines set to 200°C, to prevent condensation, to a custom-made membrane housing, set at the
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desired temperature. After the membrane separation, this retentate stream was cooled down
using a cold trap set at 5°C using a Julabo 1000F chiller. Afterward, gases exiting the cold trap
were expanded to atmospheric pressure using an APTech expansion valve. Using the expansion
valve, the pressure inside the apparatus was set to 10 barg during the permeation experiments.
The resulting gases were either analyzed by the micro-gas chromatography (4#GC) or vented.

The permeate stream (or sweep gas) was fed with Na to the test bench from an individual gas
cylinder stack using an Alicat MC MFC at a flowrate of 50 sccm (standard conditions: 298 K,
latm). This stream was heated using a heating wire set to 130°C and fed to the membrane
housing to the permeate side. The resulting permeate stream was then directed to a cold trap,
cooled to 5°C using the Julabo 1000F chiller, via a heated line set to 130°C to prevent premature
condensation. The gas stream exiting the cold trap was either analyzed by the uGC, vented
or had its flowrate measured using an Agilent ADM Flowmeter. Since no expansion valve was
fitted to the permeate stream, the stream was subjected to the atmospheric pressure whose value
is approximated at 1.01325 bar for the following calculations.

For these permeation experiments, a custom-made membrane housing was employed. A
helical line ran to the exterior of the housing, fed with heated oil, to heat the membrane at
a specific temperature. The temperature of the membrane was measured by inserting a type
K thermocouple, reaching to the middle part of the inner side of the membrane. The sealing
between the permeate and retentate stream was performed using FFKM Kalrez 4079 O-rings
(Techniparts) lubricated using a Teflon-based IKV Fluor MPA 0 H (IKV Tribology) grease.
The sealing of this custom setup was tested externally by applying 15 barg of pressure to the
retentate side of an entirely glazed-out membrane support and by measuring the flowrate at the
permeate stream using the ADM flowmeter. No flow was measured using the ADM flowmeter

(< 0.1 Nem3 /min) validating the correct sealing of this setup.

11.3.1.1.b Analytical setup

Gases exiting the membrane test bench were analyzed using an Inficon Fusion puGC. The uGC
includes two modules. The first one, fed with argon, is equipped with a Rt-Q-Bond (3m) pre-
column and a Molsieve 5A column (10m x 0.25 mm) separated by a backflush for the analysis of
Hs, Ny and CO. For the analysis the column is set at a pressure of 30 psi and the temperature
is first set at 60°C for 20s, then heated to 92°C with a heating rate of 0.4°C/s and finally the
target temperature is then held for 200s. The second module, fed with helium, is equipped
with a Rt-Q-Bond (12m x 0.25mm) column for the analysis of COgy. This column is set for
the analysis at a pressure of 25 psi and the temperature follows this program: 70°C held for
40s, ramp to 100°C (heating rate: 1°C/s), ramp to 250°C (heating rate: 2.5°C/s), final target
temperature of 250°C held for 70s.

Liquid condensates (containing water and methanol) were analyzed using an Agilent 6890N
gas chromatography (GC) equipped with a Restek Stabilwax column (30 m x 0.25 mm x 0.25 pm)
fed with Helium. 0.2 pL of the liquid sample were injected in an injector set to 250°C with a 170:1
split ratio. The vapors were analyzed using a thermal conductivity detector (TCD) set to 150°C.
The temperature for the column during the analysis was set as follows: the initial temperature

of 40°C was held for 2min then a ramp of 10°C/min was set to a target temperature of 100°C.
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For the analysis of gases in the retentate, an external standardization was conducted on
CO9, Hy and CO. Inversely, N on the permeate side was used as an internal standard as no Ng
would back permeate through the membrane to the retentate side due to the pressure differences

between th